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Abstract

Electron spin-lattice relaxation rates, 1/T, at X-band of nitroxy! radicals (4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-oxyl, 4-oxo0-2,2,6,6-tetramethylpiperidin-1-oxyl, 3-carbamoyl-2,2,5,5-
tetramethylpyrrolidin-1-oxyl and 3-carbamoyl-2,2,5,5-tetramethylpyrrolin-1-oxyl) in glass-forming
solvents (decalin, glycerol, 3-methylpentane, o-terphenyl, 1-propanol, sorbitol, sucrose octaacetate,
and 1:1 water:glycerol) at temperatures between 100 K and 300 K were measured by long-pulse
saturation recovery to investigate the relaxation processes in slow-to-fast tumbling regimes. A subset
of samples was also studied at lower temperatures or at Q-band. Tumbling correlation times were
calculated from continuous wave lineshapes. Temperature dependence and isotope substitution (2H
and 1°N) were used to distinguish the contributions of various processes. Below about 100 K
relaxation is dominated by the Raman process. At higher temperatures, but below the glass transition
temperature, a local mode process makes significant contributions. Above the glass transition
temperature, increased rates of molecular tumbling modulate nuclear hyperfine and g anisotropy.
The contribution from spin rotation is very small. Relaxation rates at X-band and Q-band are similar.
The dependence of 1/T; on tumbling correlation times fits better with the Cole-Davidson spectral
density function than with the Bloembergen-Purcell-Pound model.
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1 Introduction

The widespread use of nitroxyl radicals as probes of motion, local environment, and distance
between sites in proteins has led to detailed studies of their properties [1-4]. Although spin-
spin relaxation rates have been extensively studied [5,6], less is known about spin-lattice
relaxation rates [7-9]. Raman and local mode processes have been shown to contribute to spin-
lattice relaxation of nitroxyl radicals at X- and Q-band in glasses with melting points or glass
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transition temperatures above room temperature. In sucrose octaacetate or sorbitol glasses the
contributions from these two processes, which modulate spin-orbit coupling, are correlated
[10].

The Raman process is a two-phonon process in which the energy to be transferred to the lattice
is the difference between the energies absorbed and emitted for a virtual excited state at an
energy less than the Debye temperature [11]. The temperature dependence of the Raman
process is given by Eq. (1).

1 TV (6
TRam :CRum(a_) J3 (?D)
1 D (1)

. . . Op/T §
where 0p is the Debye temperature and Jg is the transport integral, /3 (GTD) =Jo X =R dx

The coefficient Cram depends upon the spin-orbit coupling, the solvent, and the size of the
solute [10]. In the high-temperature limit the expression for the Raman process reduces to

1 ”
_ 2
TRam =C Ram
1

(2)

Although the concept of the Raman process was developed for an ionic lattice, its characteristic
temperature dependence has been observed for many molecular systems including organic
radicals in glassy solvents [7,10].

The local mode [11,12] is also a two-phonon process, but unlike the Raman process it involves
a vibrational frequency that is above the Debye temperature. The temperature dependence of
the contribution to relaxation from a local mode is given by Eq. (3).

1 vocal Exp[Aloc/T]
N Exp [ Dioe/T] = 1)? 3)

Tlocal =
1

where Cjqcq IS the coefficient for the contribution, and Ao is the energy for the local mode in
Kelvin. This process is independent of Zeeman frequency.

As a glassy matrix softens, the rate of molecular tumbling increases and tumbling-dependent
processes contribute to the relaxation. The contribution to spin-lattice relaxation due to spin
rotation is given by Eq. (4) [13].

3
Y (g — go)*
| R
TSR
T 97, (4)

where 1R is the tumbling correlation time.

The contribution to spin-lattice relaxation due to modulation of g and A anisotropy by molecular
tumbling has been described by [8,9,14-16]
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Ag =977 = 0.5(gxx*0yx), 89 = 0.5(gxx-Gyy), Aj is a component of the nitrogen nuclear hyperfine
coupling, 4 is the average nitrogen hyperfine coupling, and | is the nitrogen nuclear spin.

J(w) is the spectral density of the solute motion and the Fourier transform of the correlation
function C(t). In prior studies of nitroxyl spin-lattice relaxation [8,14,15] the Bloembergen-
Pound-Purcell (BPP) model for the spectral density function, Eq. (8), was used.

ooy (@) =—2
(W) =——
e 1+(a)TR )2 (8)

The BPP function assumes that the reorientational motions are stochastic and that only one
ensemble of reorienting units is present. The BPP correlation function is an exponential [17].

The Cole-Davidson spectral density function (Eq. 9) was developed in studies of dielectric
relaxation [18].
1 sin (B - arctan (wT))
J(‘D (w) :Z A2
(1+(wr) f 9)

where [ characterizes the distribution of correlation times. The smaller the value of 3, the wider
the distribution. For B = 1, Jcp(w) reduces to Jgpp(w). The Cole-Davidson spectral density
model has been applied to NMR and dielectric relaxation [19-21], in which the spectral density
of solvent molecules is monitored. However, in an EPR experiment the solute motion is
monitored. An EPR study of the temperature dependence of linewidths for tempone-dig in
toluene used a Cole-Davidson spectral density function [22].

An additional contribution to spin-lattice relaxation from ‘general spin diffusion’ has been
proposed to arise from modulation of electron-nuclear spin interaction [9]. This process has a
weaker dependence on tumbling correlation time than the modulation of nitrogen nuclear
hyperfine, and is frequency dependent.

Nitroxyl relaxation rates in fluid solution are described with functions that depend both on
temperature and tumbling correlation times. In arecent study of nitroxyl relaxation the viscosity
of the solution was varied to permit characterization of the relaxation rates at room temperature
at three microwave frequencies. By holding the temperature constant the contribution from the
local mode was constant [8]. Those studies demonstrated the importance of modulation of g
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and A anisotropy. However, to obtain a wide range of tumbling correlation times the solvent
and structure of the radical were varied, which complicates interpretation of the results. In
another study, tumbling correlation times were varied by changing the size of doxyl radicals
in lipids and relaxation rates were measured as a function of Zeeman frequency [23]. It was
proposed that modulation of g- and A-anisotropy, spin rotation, and generalized spin diffusion
were required to model the relaxation rates [9]. In the studies reported here, temperature was
varied and the dependence of tumbling correlation time on temperature was measured to permit
modeling of relaxation rates as a function of both temperature and tumbling.

The experiments reported in this paper were designed to examine the tumbling-dependent
contributions to relaxation for the 6 nitroxyl radicals shown in Figure 1. To separate the
contributions from the Raman and local mode processes from contributions that depend on
tumbling correlation time, solvents were selected with different glass transition temperatures
(Tg) and therefore with different temperatures for the onset of tumbling-dependent processes.
Isotope substitution (2H and 1°N) also was used to distinguish between processes.

2 Experimental Methods

2,2,6,6-Tetramethylpiperidin-1-oxyl (tempo), 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl
(tempol), 4-ox0-2,2,6,6-tetramethylpiperidin-1-oxyl (tempone) (Aldrich Chemical Co.); 3-
carbamoyl-2,2,5,5-tetramethylpyrrolidin-1-oxyl (CPROXYL), 3-carbamoyl-2,2,5,5-
tetramethylpyrrolin-1-oxyl (CTPO) (Eastman Kodak Co.); 1°N-tempone, tempone-dsg,
tempol-d;7 , and 15N-tempol-d;7 (CDN Isotope) were used as received. TPHIO was prepared
as reported in ref. [10]. 3-Methylpentane was Aldrich reagent grade and glycerol was Aldrich
anhydrous grade. Decalin and 1-propanol were purchased from City Chemical Corporation
and Mallinkrodt Chemical, respectively. o-Terphenyl (OTP) was purified by recrystallization
twice from ethanol. 1:1 Water:glycerol, by volume, was prepared gravimetrically.

When glycerol or 1:1 water:glycerol was the solvent, the samples (1.0 mM) were contained in
thin-wall Teflon tubes with 0.97 mm i.d. The Teflon tube was supported in a 4 mm o.d. quartz
tube. To remove oxygen from the solutions, nitrogen gas was passed over the sample via a thin
Teflon tube positioned in the quartz tube alongside the sample-containing Teflon tube. When
3-methylpentane, decalin, OTP, or 1-propanol was used as the solvent, nitroxyl concentration
was 0.1 to 1.0 mM; samples were contained in 4 mm o.d. quartz tubes and degassed by freeze-
pump thaw. Samples in sorbitol (Aldrich Chemical Co.) or sucrose octaacetate (Aldrich
Chemical Co.) were prepared by grinding solid mixtures prior to putting the solid in an EPR
tube. The tube was then evacuated and evacuation was continued during the melting. Tubes
were flame-sealed.

X-band CW spectra were recorded on a Varian E9 with a rectangular resonator or in the CW
mode of the X-band SR spectrometer [24]. The g-value standard was DPPH (g = 2.0036)
[25]. SR experiments at lower temperatures and for longer relaxation times were performed
with a rectangular resonator. For higher temperatures and shorter relaxation times a loop-gap
resonator (LGR) for 4 mm o.d. tubes was used [26]. The Q of this resonator is about 1000. To
continuously monitor approximate sample temperatures a thermocouple was affixed to the
shield of the LGR or positioned above the active volume of the cavity. To more precisely
measure the temperature of the samples in 0.97 mm i.d. Teflon tubing, a thermocouple
supported in a thin Teflon tube was positioned alongside the sample immediately before and
after each T, measurement. For samples in 4 mm OD tubes, the sample tube was replaced with
a4 mm o.d. quartz tube containing a thermocouple immersed in a 2.5 mm high column of
decalin, immediately after each measurement. Q-band SR measurements were made on a
Bruker E580 with a SuperQFT bridge, an ER5107D2 dielectric resonator, and an Oxford
ESR935 cryostat with cernox sensor adjacent to the resonator.
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Recovery curves were recorded at the position of maximum intensity in the nitroxyl absorption
spectrum. Values of T, were obtained by fitting a single exponential to the experimental curves.
Below T a single exponential was not a good fit to the data because of overlapping
contributions from molecules with different orientations with respect to the external magnetic
field [27]. Although improved fits to the curves could be obtained as the sums of multiple
exponentials or a distribution of exponentials, the single exponential fits provide an adequate
single-parameter representation of trends. At temperatures where tumbling is fast enough to
impact the CW spectra and contribute to spin-lattice relaxation, a single exponential gave a
good fit to the experimental curves for most radical/solvent combinations. Fitting to a single
exponential did not work well for the SR responses in 3-methylpentane, which is attributed to
the dynamic effects of methyl group rotation at rates comparable to the electron-proton
couplings. At temperatures where T+ is less than about 2 ps, single exponentials did not fit well
to many of the experimental data sets. This non-exponential behavior was attributed to residual
contributions from the FID that were not cancelled completely by the phase cycling and to
incomplete subtraction of off-resonance instrumental artifacts [28]. These artifacts tended to
make the apparent value of T, at fast tumbling correlation times appear to be longer than the
true value. For these cases values of T, were calculated by omitting the early-time data that
were judged to be contaminated by artifacts. The shortest T; values included in this study were
about 1 ps.

2.1 Determination of Nitroxyl Tumbling Correlation Times

For each of the nitroxyl/solvent combinations the tumbling correlation times as a function of
temperature were determined by simulation of X-band CW spectra using the NLSL program
of Budil et al, which is based on the expressions derived by Freed and co-workers [5,29]. The
g-values and A-values required for the NLSL simulations were determined from the glassy
solution spectra using locally written software. Values of g,, and A, are readily determined.
At X-band the values of Ay, Ayy, Oxx, and gyy are harder to evaluate. Values of these parameters
were constrained by requiring that the average g and A values agree with the isotropic g and
A values for rapid tumbling spectra. The resulting g values are: tempone, CPROXYL, CTPO,
and TPHIO in all solvents; gy = 2.0090, gyy = 2.0058, g, = 2.0020; tempol in polar solvents;
Oxx = 2.0103, gyy = 2.0067, g, = 2.0032 [8]. Values of hyperfine couplings are solvent
dependent and weakly dependent on temperature. For some of the combinations of nitroxyl
and solvent the spectra could not be fitted with isotropic rotation, but could be fitted with axial
rotation. The x-axis and z-axis are along the direction of the N-O bond and along the = orbital
of nitrogen, respectively, and these were defined as the axes for R [30]. The tumbling

T=1/ 6 i R 1l 1RL26
correlation times for these cases were calculated as N parate :

2.2 Modeling the Temperature Dependence of 1/Tq

Values of 1/T; as a function of temperature were modeled as the sum of contributions from
the Raman process (Eg. 1 or Eg. 2), local mode (Eqg. 3), spin rotation (Eg. 4), and modulation
of g and A anisotropy by molecular tumbling (Eq. 5).

1 1 1 1 1

= + + +
Ram local SR g.A
g T Ty T T (10)

To separate the contributions of the Raman and local mode processes, 1/T; in some solvent-
solute combinations was examined in the temperature range between about 20 K and the glass
transition temperature. In the analysis of these data the full form of the equation for the Raman
process (Eq. 1) was used, which involves a two-parameter fit in the Debye temperature and
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the coefficient Cram. For comparison with other data sets the corresponding value of C, (Eq.
2) that applies in the high temperature limits was calculated and listed in Table 1. For most
solvent-solute combinations relaxation rates were analyzed at temperatures above 100 K,
where Eq. (2) describes the Raman process. This equation has the advantage that it includes a

”

single adjustable parameter. For most solvents there was no indication of a change inC,  at
Tg, but for water:glycerol there was a change of about 10%. Values of the parameters that were
used to model the temperature dependence of 1/T; are summarized in Table 1.

3 Results and Discussion

3.1 Nitroxyl Tumbling Correlation Times

The tumbling correlation times calculated using NLSL for tempone and tempo in several
solvents are shown in Figure 2. Literature values for the temperature dependence of solvent
viscosity (decalin [31], glycerol [32], 1:1 water:glycerol [32], 3-methylpentane [33], and 1-
propanol [34]) were used to calculate the tumbling correlation time, 1, based on the Stokes-
Einstein equation (1= cgjip V n/KT, V = molecular volume, k = Boltzmann's constant). The slip
coefficient, cqip, Was adjusted to fit the experimental data. The volume was estimated from the
molecular weight of a single molecule divided by 0.9g/cm3 which is a typical density for
organic molecules. The values of cgip for tempone are: 0.024 for decalin, 0.02 for glycerol,
0.12 for water glycerol, and 0.09 for propanol. The cg)y Values are strongly dependent on the
nitroxyl.

There is generally good agreement between trends in experimental values of T and values of
1 calculated from literature viscosity values (Figure 2). For tempone in 1-propanol or decalin
agreement is reasonable for —8.5 >log(t) > —10.5, but poorer for longer tumbling correlation
times. A similar discrepancy was reported in supercooled molecular liquids [16,35-38]. The
slowest tumbling times are less temperature dependent than viscosity, which is attributed to
partial decoupling from the host motion. Anisotropy in tumbling may also contribute to
uncertainties in t for the slower tumbling regimes. For tempo in 3-methylpentane, agreement
is poorer for shorter tumbling correlation times (Figure 2). The rapid tumbling regime occurs
at lower temperatures in 3-methylpentane than in other solvents studied and overlaps with the
temperature range in which the rate of methyl rotation is comparable to the inequivalence in
electron-coupling to the methyl protons [39,40]. The dynamic averaging of proton couplings
makes the linewidths and lineshapes temperature dependent and complicates calculations of
T.

The temperature dependence of tumbling correlation times determined using NLSL for five
nitroxyls in 1:1 water:glycerol is shown in Figure 3. Values of log(t) > —8.5 are more uncertain
and deviations between experimental and calculated values are larger than for faster tumbling
(Figure 3). In water:glycerol t decreases in the order CPROXYL (mw = 185) > CTPO (mw =
183) > tempol (mw = 172) > tempone (mw = 170), which reflects the effects of changes in
molecular weight and in hydrogen bonding. In either water:glycerol or in decalin (data not
shown) tumbling correlation times for tempone and tempone-dy¢ are similar, which is
consistent with the expectation that deuteration does not impact t because the primary factor
for tumbling is molecular volume, rather than molecular mass. However, there was ~10%
difference between derived t values for tempol and tempol-d47 in water:glycerol. The
linewidths in the spectra of tempol are broader than for tempone and are substantially broader
for tempol than for tempol-d;7 and 1°N-tempol-d;7, which may introduce systematic errors in
the calculation of 7. The average t values obtained for tempol-d;7 and 1°N-tempol-d;7 were
used in the analysis of the dependence of 1/T41 on tumbling. The points in Figure 3 are
experimental values, which were obtained at different temperatures for different samples. To
permit calculations of 1/T4 as a function of t at temperatures that are the same for different
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radicals (but different from the temperatures at which t was measured), the solid line through
the data was calculated at 5 K intervals with the assumption that the Stokes-Einstein equation
is obeyed.

3.2 Temperature Dependence of 1/T;

Spin-lattice relaxation rates, 1/T4, of tempone in several glassy matrices and trityl-CDs in
water:glycerol are plotted as a function of temperature in Figure 4. The values of 1/T4 are more
strongly temperature dependent below about 100 K, which is approximately the Debye
temperature, than at higher temperatures, which is consistent with the Raman process. Between
about 100 K and the glass transition temperature the relaxation rates exhibit the approximately
T2 dependence that is characteristic of the Raman process in the high temperature limit (Eq.
2). All of the data in sucrose octaacetate and sorbitol were obtained at temperatures where CW
spectra indicate slow tumbling, so the dominant contributions to 1/T4 are the Raman and local
mode processes. Above about 100 K for 3-methylpentane, 143 K for decalin, and 215 K for
water:glycerol 1/T1 becomes more strongly temperature dependent. These temperatures are
slightly above the glass transition temperatures (80 K for 3-methylpentane [33], 135 K for
decalin [41], and ~175 K for 1:1 water:glycerol [19,42]). Above these temperatures the solvent
mixtures become more lossy, the EPR lineshapes are strongly temperature dependent, and
A, becomes more temperature dependent, as expected in the regime where the glass is
softening and tumbling rates are changing rapidly with temperature. The focus of this study is
on the nitroxyl relaxation processes at these transition temperatures and above.

The relaxation rates for tempone in decalin, OTP, and sucrose octaacetate above 100 K are
shown in more detail in Figure 5. The glass transition temperatures are much higher for OTP
or sucrose octaacetate than for decalin, so between 100 and 300 K the tumbling-dependent
process only makes a significant contribution in decalin. The similarity in the relaxation rates
for tempone between 150 and 270 K in OTP and in sucrose octaacetate indicates that the
contributions from the local mode and Raman process are very similar for tempone in these
two low polarity solvents. This is the basis for the assumption in the data analysis that the
contributions for the local mode and Raman process in low-polarity decalin are similar to what
is observed in OTP or sucrose octaacetate.

The relaxation rates for trityl-CD3 in 1:1 water:glycerol (Figure 4) do not exhibit a change in
slope at the glass transition temperature. Near T the local mode is the dominant contribution
to relaxation for trityls. This contribution, and the underlying contribution from the Raman
process, do not change at the glass transition. Unlike the nitroxyls, the contribution from the
tumbling process to the relaxation of trityl-CDj5 is not significant because of the small g and
hyperfine anisotropy and the slow tumbling rates for the large molecule (mw = 1011) [43].

3.3 Isotope Effects on Relaxation

Isotope substitution provides a method to distinguish between relaxation processes. Since the
ratio of magnetic moments of 1H/2H is 6.5, processes that depend on electron-nuclear dipolar
interaction will decrease by a factor of 6.5 or 6.5 when 1H is replaced by 2H. For the
contribution to 1/T4 due to modulation of nitrogen hyperfine anisotropy, the isotope effect
depends both on nuclear spin | and on magnetic moment. 1°N has a larger magnetic moment
than 14N (u1an/igsn = 0.71), but the | (1+1) term in the coefficient offsets this difference so
the ratio of the 24N/15N coefficients in Eq. 7 is (0.71)2 x l1an (I1an+1)/ 115N (I1sn+1) = 1.4,

To characterize the effects of isotope substitution, spin-lattice relaxation rates were measured
for tempone, tempone-dy, and 1°N-tempone-d; g and for tempol, tempol-d;7, and 1°N-tempol-
dq7 (Figure 6). Rates for the isotopically substituted nitroxyls are similar to the normal isotope
abundance analogs and there is no indication of an effect as large as the ratios of magnetic
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moments for H vs. D. To examine the isotope effects in more detail the ratios of 1/T, for
isotopically-substituted tempones in water:glycerol are shown in Figure 7. Tumbling rates in
water:glycerol are about 100 times faster than in glycerol (Figure 3) so the tumbling-dependent
process has much greater impact in water:glycerol than in glycerol. The ratio of values of 1/
T, for tempone and tempone-dsg is referred to as the H/D ratio and the ratio for tempone-
d16/1°N-tempone-ds is denoted as the 14N/15N ratio. In glycerol between 180 and 280 K the
H/D ratio is approximately constant at about 1.3 and the 14N/15N ratio is approximately 1. In
water:glycerol below about 200 K the H/D and 14N/°N ratios are about the same as in glycerol.
Above ~200 K the H/D ratio decreases and the 14N/15N ratio increases as temperature
increases. At temperatures above ~200 K the tumbling rate is fast enough to cause readily
observable changes in the nitroxyl lineshape. The changes in the isotope ratios indicate changes
in the dominant relaxation processes as a function of tumbling. The temperature dependence
of the isotope ratios for tempol is similar to those for tempone. Throughout the temperature
range examined the H/D isotope effect is much smaller than predicted on the basis of dipole
moments, which indicates that modulation of electron-proton dipolar interactions does not
dominate relaxation. In the temperature regimes where the H/D ratio is about 1.3 the Raman
and local mode processes dominate. The factor of 1.3 is about what is expected for the isotope
effect on a vibration with a large C-H(D) contribution [8]. Increases in the 14N/1®N ratio are
indicative of increasing significance of processes that modulate the anisotropy of nitrogen
hyperfine interaction.

3.4 Characterization of Processes that Depend on Molecular Tumbling

Since 1/T1 was similar in glycerol and 1:1 water:glycerol at temperatures where tumbling did
not contribute to relaxation (Figure 8a), it was assumed that the contributions from the local
and Raman processes would be the same in glycerol and water:glycerol at higher temperatures.
Thus differences in 1/T; between water:glycerol and glycerol were attributed to processes that
depend on the rate of tumbling. Values of 1/T4 for tempone in water:glycerol and glycerol, and
the tumbling-dependent contributions to relaxation [1/T, (water:glycerol) — 1/T4 (glycerol)]
are plotted as a function of temperature in Figure 8a. The subtractions were done over the range
of temperatures for which it was possible to calculate tumbling correlation times from the CW
lineshapes (Figure 3). To the extent that tumbling-dependent processes contribute to relaxation
in glycerol solutions, subtraction of 1/T; in glycerol from 1/T; in water:glycerol will
underestimate the contribution to relaxation from tumbling-dependent processes in
water:glycerol. The tumbling-dependent contributions to relaxation for other nitroxyls were
calculated analogously as the difference between rates in water:glycerol and glycerol and are
shown in Figure 8b. The dependence of 1/T1 (water:glycerol) — 1/T4 (glycerol) on temperature
(Figure 8b) is similar for each of the nitroxyls, which indicates that similar tumbling-dependent
processes dominate. In Figure 8b the differences in relaxation rates are about the same for —H
and —D, but differences in rates are larger for 1N than for 1°N, which confirms the conclusion
reached on the basis of the ratios of rates (Figure 7) that modulation of the nitrogen hyperfine
anisotropy contributes to the tumbling-dependent process, but that there is negligible H/D
isotope effect.

3.5 Spectral Density Function

As discussed in the introduction, contributions to relaxation from molecular tumbling are
described as the sum of spin rotation (Eq. 4) and modulation of g and A anisotropy (Eq. 5)
[14,15]. It was assumed that all of the temperature dependence for the tumbling-dependent
contributions to the relaxation is reflected in the temperature dependence of the experimentally-
determined t values. The contributions to relaxation from spin rotation were calculated using
Eq. 4 and the same g values that were used in the NLSL simulations. Eq. 5 includes a spectral
density function, J(®). When the tumbling-dependent contributions to 1/T4 were calculated as
a function of tumbling correlation time using Eq. 5 and the BPP spectral density function (Eq.
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8), the slopes of the curves were much steeper than for the experimental rates (Figure 9). NMR
relaxation studies in viscous solution indicate that 1/T; may not follow the BPP spectral density
[44,45], which is attributed to a distribution of tumbling correlation times that can be modeled
with a Cole-Davidson spectral density function (Eq. (9)) [18,19,22,45].

The coefficient of the spectral density function (Ca,g) in Eq. 5 and the value of £ in Eq. 9 were
adjusted to obtain the best fit to the data shown in Figure 9. The slope of the plot of log[(1/
Ty (water:glycerol) — 1/T (glycerol)] vs. log(z) equals 8. The S values obtained by least-squares
fitting of the difference curves (Table 1) are significantly different from g = 1, which is the
value for the BPP spectral density function. The coefficient of the Cole-Davidson spectral
density function also was used to calculate the relaxation predicted with a BPP spectral density
function (Figure 9).

3.6 Simulation of Temperature Dependence of 1/T,

The temperature dependence of the relaxation rates was modeled as the sum of contributions.
Figure 10 shows the results of the simulation for tempone in glycerol, water:glycerol, and
decalin and for tempo in 3-methylpentane. The contributions from each of the individual
processes also are shown. The parameters used for the simulations in Figure 10 are summarized
in Tablel, along with values for other combinations of nitroxyl and solvent. For all cases studied
the contribution from spin rotation is very small. In decalin and 3-methylpentane, which have
low glass transition temperatures, the contribution from the tumbling dependent process was
significant at lower temperatures than in glycerol or water:glycerol. The contribution from the
tumbling-dependent process was calculated only for temperatures in the range in which it was
possible to determine t from the CW lineshape, which resulted in an abrupt change in slope of
the calculated lines in Fig. 10 c,d at the lowest temperature where the tumbling-dependent
process was included in the simulation.

3.6.1 Raman process—The focus of this study is on relaxation rates at temperatures above
about 100 K. In this temperature range the Raman process makes significant contributions at

lower temperatures and longer t values. The coefficientC’, from the high-temperature limiting
expression for the Raman process (Eg. (2)) was used to compare the dependence of the Raman
process on solute and solvent because it reflects the effectiveness of the Raman process in a

single variable, independent of the Debye temperature. Values of CR in 1:1 water glycerol

decrease in the order tempone > tempol> CPROXY. In sucrose octaacetate CR decreases in
the order tempone > tempol > CPROXY > TPHIO. An earlier study showed that 1/T; for

tempone at 100 K in a wide range of solvents was faster in solvents such as sucrose octaacetate,
decalin, and toluene and slower in water:glycerol [27]. At this temperature a faster relaxation

rate implies a larger value of CR The trends show that there is more motion in softer glasses
and for lower molecular weight solutes, and that these motions increase the effectiveness of
the Raman process [10].

3.6.2 Local mode—The relative importance of the local mode increases as the temperature
of the glass transition increases (Figure 8a, 10). In glycerol, water:glycerol, or OTP the glass
softening temperatures are high enough that there is a well-defined temperature interval in
which the contribution to relaxation from the local mode is readily distinguished from the
Raman process that dominates at lower temperature and the tumbling-dependent processes that
dominates at higher temperatures, so the parameters for the local mode could be determined
directly. For decalin, 1-propanol and 3-methylpentane the glass softening temperatures are so
low that there is not a well-defined temperature interval in which the local mode dominates.
The following approach was used to estimate the contribution from the local mode in decalin,
1-propanol, and 3-methylpentane. Based on the similarity of the Raman process between these
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solvents and sucrose octaacetate (Figure 5), it was assumed that the contributions from the
Raman and local mode processes in sucrose octaacetate could be scaled to match the data in
the region where the Raman process dominates and the same scaling factor applied to the
contribution from the local mode [10]. In decalin, 1-propanol, and 3-methylpentane the
contribution from the local mode is smaller in the temperature regime studied, so the
coefficients for the Raman and tumbling-dependent processes are only weakly dependent on
the estimated contribution from the local mode.

There are two adjustable parameters in the fit function for the local mode: the energy, Ajgcals
and the coefficient Cqcq1 (EQ. 3), and the values obtained by fitting the data are correlated.
Because of the overlapping contributions to the relaxation rates it is difficult to uniquely define
the two parameters. In the fitting procedure the value of Cjyc5 Was constrained to be between
3.5x10° and 4.5x10¢ based on the values in sorbitol and sucrose octaacetate. The values of
Ajocal Were adjusted to match the experimental data. With the exception of TPHIO, the values
of Ajocal Show little variation, but the trend is toward higher values of Ajqca s the molar mass
increases.

3.6.3 Tumbling-dependent processes—To find the coefficient Ca,q and  for the Cole-
Davidson spectral density function, the temperature dependence of 1/T1 was simulated for the
full temperature range from glass to slow tumbling fluid, including the contributions from all
processes. The coefficients for the Raman and local mode processes were determined in the
temperature range where the tumbling processes made negligible contributions. Then, g and

”

Ca,g Were adjusted to fit the data in the fast tumbling region, keeping Cjocq and €, constant.
The values of § obtained by adjusting independently for each data set and the resulting values
of Ca g are shown in Table 1. In water:glycerol the /5 values were between 0.63 and 0.72 for
the various isotopes of tempone and tempol and for CTPO. To determine the sensitivity of
Ca g to the value of 4, an average of # = 0.67 was used to recalculate Cp g for the water:glycerol
solutions. The resulting values of Ca ¢ are shown in a separate column in Table 1 and differ
by up to 10%. The values of § calculated from 1/T4 (water:glycerol) — 1/T4 (glycerol) (Table
1) tend to be slightly smaller than the values obtained by simulation of the full temperature
dependence of 1/T1 which suggests that subtraction of relaxation rates in glycerol may slightly
over-estimate the contributions from the Raman and local mode processes.

Literature reports based on dielectric relaxation studies give f=0.63at T=-75°Cand T =
—15.3°C; f=0.60 at T = —19.5 °C for water:glycerol mixtures (glycerol content; 50—100%)
[46] and B = 0.6 at —40 °C > T > —65.5 °C for glycerol [18]. These values of /5 are similar to
values for nitroxyl solutes in 1:1 water:glycerol (Table 1). There is little temperature
dependence of the value of B[46], which suggests that the use of a temperature-independent
value of $ to analyze the nitroxyl relaxation rates does not introduce a large error. Literature
values of j are 0.144 for decalin [41], 0.39 for 3-methylpentane [47], and 1.0 for 1-propanol
[18]. The value of $ for decalin is among the lowest for a molecular single component
supercooled liquid [41]. These g values for the pure solvents are somewhat different from the
values of B for the nitroxyl solutes.

An H/D isotope effect on 1/T1 was not observed for tempone in water:glycerol or decalin,
consistent with the ratios of relaxation rates in the tumbling region shown in Figure 7. The
coefficient Ca g for tempol was about 10 % different from that of tempol-d;7, which is
attributed to the differences in calculated 1. Based on the hypothesis that the tumbling times
of tempol should be similar with or without deuterium, the tumbling times used for estimation
for Ca g of tempol was the same as from tempol-d;7. However, if the actual experimental
tumbling times were used, there was no H/D isotope effect for tempol in water:glycerol. This
comparison may indicate that the tumbling times of tempol and tempol-d4 7 are slightly different
or that these differences are within the uncertainty of the data. These results demonstrate that
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within experimental uncertainty there is no H/D isotope effect on the tumbling-dependent
contribution to the relaxation rates for nitroxyl radicals at X-band for n between 108 and
1071,

3.7 Comparison of Cp g with Theory

The expected values of the coefficient Cp g (Eq. (5)) for nitroxyls were calculated from Eq.
5-7 and the experimental hyperfine and g-values. Most of the values agree well with the
experimental results at X-band (Table 1). The deviation between experiment and theory for
Ca,g in 1-propanol and OTP are larger than in water:glycerol. The NLSL simulations of the
CW lineshapes suggest some deviation from isotropic tumbling for these cases, which may
contribute to the discrepancies. The rotation axis to average the larger nitrogen hyperfine A,,
with the smaller components along the x and y axes, and thereby impact relaxation, is the x or
y axis. The model for Ca,g assumes isotropic rotation so anisotropic rotation would be a source
of error.

The 4N/15N isotope effect on the contribution to relaxation due to modulation of nitrogen
hyperfine anisotropy (Eg. (7)) is predicted to be 1.4. To decrease the impact of errors in z,
relaxation rates for 1°N-tempone-d were compared with 14N-tempone-d;5 and 1°N-tempol-
d17 was compared with 14N-tempol-d;7. The same tumbling times were used for each nitrogen
isotope since the molecular mass difference between them is less than 1%. The 14N/15N ratios
for Cp g for tempone or tempol in water:glycerol are 1.2 or 1.3, respectively, which is close to
the 1.3 predicted isotope ratio of Ca g for (Table 1). The slightly lower than expected ratio for
tempone could result from underestimation of the contribution from the local mode process,
underestimation of the spin-rotation term or imperfections in the theory.

For tempone and TPHIO in decalin there was less change in relaxation rate between X-band
and Q-band than predicted by theory. The predicted frequency dependence comes from the
spectral density function, the increasing importance of g anisotropy at higher fields/
frequencies, and the frequency independence of the hyperfine interaction. The smaller than
predicted frequency dependence could arise from inadequacies of the spectral density function
or an additional contribution to the relaxation.

Robinson and co-workers suggested a contribution to nitroxyl spin lattice relaxation from
generalized spin diffusion that involves modulation of the inter- or intra- molecular distance
between the electron and a nuclear spin [9]. This process predicts substantial H/D isotope
effects. Prior studies found no impact of solvent deuteration on nitroxyl relaxation in fluid
solution at X- or S-band [8]. The present study found no evidence of an intramolecular H/D
isotope effect, which indicates that a generalized spin diffusion contribution is not significant
at X-band for the range of tumbling rates examined. By contrast a substantial H/D isotope
effect was observed for spin-lattice relaxation of trityl-CDs vs. trityl-CH3 and for solvent
deuteration at 250 MHz [48]. The relaxation processes for the trityl radicals differ from that
for the nitroxyls in two key respects: the modulation of a large anisotropic hyperfine interaction
is not present and g values are closer to 2.0023 so spin-orbit coupling is smaller. Thus, the
tumbling-dependent processes that dominate for the nitroxyls are not present for trityl. In
addition, the H/D isotope effects on the trityl relaxation were much larger at 250 MHz than at
X-band [48]. Further studies of nitroxyl relaxation rates will be needed to determine whether
H/D isotope effects for nitroxyls are larger at lower frequencies.

4 Summary and Conclusions

Electron spin-lattice relaxation rates, 1/T1, for nitroxyl radicals in viscous solution were studied
by long-pulse saturation recovery. Deuteration and nitrogen isotope substitutions of the
nitroxyls helped to distinguish the contributions from the Raman process, local mode, and
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modulation of g and A anisotropy by tumbling. Tumbling correlation times as a function of
temperature were obtained by analysis of the CW lineshapes. The Cole-Davidson spectral
density function is in better agreement with the dependence of relaxation on tumbling
correlation time than the commonly used Bloembergen-Pound-Purcell function.
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Figure 1.
Structures of the nitroxyls studied.
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Figure 2.

Tumbling correlation times, 1, of tempo or tempone in several solvents as a function of
temperature: (&) tempo in 3-methylpentane, (A) tempone in 1-propanol, (o) tempone in
decalin, (¢) tempone-dyg in 1:1 water:glycerol, (A) tempone in glycerol. The solid lines show
the tumbling times calculated from the literature values of solvent viscosity using the Stokes-
Einstein equation with temperature-independent slip coefficients (see text for details).
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Tumbling correlation times for (m) tempone, (o) tempone-dsg, (¢) tempol, (o) tempol-d47,
(®) °N-tempol-dq7, (A) CTPO and(A) CPROXYL in 1:1 water:glycerol mixtures as a
function of temperature. The solid lines are interpolated between data points.
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Figure 4.

Temperature dependence of 1/T4 for tempone in (V) decalin, (o) sucrose octaacetate, (o) 1:1
water:glycerol, (A) sorbitol, and (x) tempo in 3-methylpentane. Values of 1/T4 for (*) trityl-
CD3 in water:glycerol (1:1) are included for comparison [43]. The solid lines are sums of the
simulated contributions from the (...) Raman and (---) local mode processes. The arrows
indicate the temperature regimes where the tumbling-dependent process dominates.
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Figure 5.
1/T, at X-band for tempone in (o) decalin, (o) OTP, or (m) sucrose octaacetate.
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Figure 6.

Temperature dependence of 1/T at X-band for (o) tempone, (A) tempone-dqg, and (o) 1°N-
tempone-dqg in 1:1 water:glycerol (red symbols), glycerol (blue symbols) or decalin (black
symbols), showing isotope effects. The solid line is the fitted line for the sum of the Raman
and local mode processes.
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Figure 7.

Temperature dependence of isotope effects on 1/T1 for isotopically-substituted tempone in
glycerol and 1:1 water:glycerol. The (o) and (m) points are the H/D ratio in water glycerol and
glycerol, respectively. The (A) and (A) points are the 1*N/2°N ratio in water:glycerol and
glycerol, respectively. Since the experimental data were recorded at different temperatures,
interpolation was used to calculate 1/T; at defined 5 K intervals and those interpolated values
were used in the comparisons. Uncertainties in the ratios are about £0.03.
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Figure 8.

Temperature dependence of (a) 1/T; for (A) 14N tempone in glycerol and (o) water:glycerol
and (+) the tumbling-dependent contribution to relaxation [1/T1 (water:glycerol) — 1/T¢
(glycerol)] and (b) the tumbling-dependent contribution to relaxation [1/T4 (water:glycerol) —
1/T4 (glycerol)] for (+) 14N tempone, (o) 1°N tempone, (o) tempone-dsg, (*) tempol, (x)
tempol-dq7, () 15N-tempol-dy7, (A) CTPO and (V) CPROXYL. Since experimental values
in the glycerol and water:glycerol data sets were obtained at different temperatures, the points
shown in the plot and used in the subtractions were linearly interpolated at 5 K intervals from
the experimental data.

J Magn Reson. Author manuscript; available in PMC 2009 April 21.

300



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sato et al.

Log [1/T, [s"]]

6.0+

3.5

Page 24

C,,=66x10"
B=0.64

-10.5  -10.0 -9.5 -9.0 -8.5 -8.0 -7.5

Log [z [s]]

Figure 9.

Dependence of 1/T4 in water:glycerol (m) and [1/T1 (water:glycerol) — 1/T1 (glycerol)] (open
symbols) on tumbling correlation time between 228 and 288 K for (o) tempone, (A) tempone-
d1g and (o) 1°N-tempone. Lines show the contributions to relaxation from spin rotation (...),
modulation of g and nitrogen hyperfine anisotropy calculated with a BPP spectral density
function (- - -), modulation of g and nitrogen hyperfine anisotropy calculated with a Cole-
Davidson spectral density function (_._. ), and the total contribution for tempone from spin
rotation and the Cole-Davidson spectral density model ( ).
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Figure 10.

Simulation of the temperature dependence of 1/T, for (a) tempone in glycerol, (b) tempone in
water:glycerol, (c) tempone in decalin, and (d) tempo in 3-methylpentane. The solid lines are
the sum of contributions from the Raman process (dotted line 1), the local mode (dotted line
2), the modulation of A and g anisotropy (dotted line 3) and spin-rotation (dotted line 4). The
parameters used to calculate the contributions from each process are listed in Table 1.
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