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Electron Spin-Lattice Relaxation Processes of Radicals in Irradiated Crystalline Organic
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Electron spin-lattice relaxation time$,() for the major radicals iry-irradiated polycrystalline samples of
glycylglycine,L-alanine, 2,4,6-trtert-butyl-phenol, and 4-methyl-2,6-dért-butyl-phenol were measured as

a function of temperature using pulsed EPR. CW-saturation recovery (CW-SR) were obtained at X-band (9.1
GHz) and S-band (3.0 GHz) between about 10 and 295 K. Inversion recovery, echo-detected saturation recovery
(ED-SR), and pulsed electremlectron double resonance (ELDOR) curves were obtained at X-band between
77 and about 295 K. For 2,4,6-tert-butyl-phenoxy radical, which has a single-line EPR spectrum, the
recovery times obtained by the three methods were in good agreement and were assigaétathe three

radicals with resolved hyperfine splitting, spectral diffusion caused the recovery times observed by inversion
recovery or ED-SR to be significantly shorter thén obtained by CW-SR or ELDOR. Spectral diffusion
processes were observed directly by pulsed ELDOR experiments, and time constants for cross relaxation and
nuclear relaxation were obtained by modeling the ELDOR curves. For irradiatiedine and for the 4-methyl-
2,64ert-butyl-phenoxy radical at some temperatures, the effects of rapid cross relaxation on CW-SR curves
could not be fully mitigated even by long saturating pulses, &adould only be determined by ELDOR.

For the radicals iry-irradiatedL-alanine, 2,4,6-trtert-butyl-phenol, and 4-methyl-2,6-dért-butyl-phenol,

methyl group rotation makes significant contributionsTig at temperatures where the rate of rotation of a
methyl group is comparable to the microwave frequency. Activation energies for methyl rotation were
determined by modeling the temperature dependencBadit X-band and S-band. In temperature ranges
where methyl rotation did not dominat&,. was dominated by Raman, direct, or local mode processes.

Introduction is equal to the difference between the energies absorbed and

Electron spin relaxation times reflect the environment of the €Mitted for a virtual excnedlgigte with an energy that is less
paramagnetic species and can be used to obtain a wide varietjhan the Debye temperatui&.1%15The Raman process has been
of information, including insights into electronic structure, found to dominate spin-lattice relaxation for some=S1/2
dynamic processes, and distances between centers with differingsyStems in glassy matrixes or magnetically dilute solids between
relaxation timeg. To obtain reliable values of the electron spin- 10 and 200 K¢ Thermally activated dynamic processes,
lattice relaxation timeTy, it is necessary to understand how including methyl group rotation, amino group rotation, or
other relaxation processes may contribute to experimental datamovement of a hydrogen-bonded proton, can absorb energy
obtained by various techniques. One goal of these studies wagrom the spin system when the frequency of the process is
to compare inversion recovery, echo-detected saturation recovengomparable to the electron Larmor frequeAcy!” 8 Other
(ED-SR) with a 6us saturating pulse, long-pulse continuous processes that may contribute to electron spin relaxation are
wave saturation recovery (CW-SR), and electretectron Orbach-Aminov processksand local vibrational modeg$:-2!
double resonance (ELDOR) methods of measuflag The The mechanisms by which these processes affect spin-lattice
second goal of this study was to characterize the effects of relaxation include modulation of hyperfine interactinof
strongly and weakly coupled methyl groups @f and on spin—orbit coupling?324or of zero-field splitting?®
spectral diffusion processes that impact recovery curves. The |f the experimental recovery curve at a particular temperature
effects of methyl groups on nuclear spin relaxation have been fits well to a single exponential, a single process dominates the
extensively studied by NMR;” but the effects on electron spin  g|axation. However, in many cases the recovery curves do not
relaxation have been much less thoroughly examined. fit well to a single exponential, which can arise from orientation

Spin-lattice relaxation requires transfer of energy from the yenendence of;c in polycrystalline samples, a distribution in
spins to the surroundmgs_. In the direct process there is a matchy o and/or contributions from spectral diffusion processes.
of the Zeeman energy with a phonon energy, so that there cangpe 4| diffusion is a broad term that encompasses all processes
be a direct transfer of energy from the spin system to the lattice that transfer spin polarization from one position in the spectrum

fé}gngyoga;?{emee?;;eféspl;(éffssagge? 1(;)&“1'2_?_:18: ng;r?tt'ceto anothef2 A variety of spectral diffusion processes have been
xall peratu W abou : described in the literaturf&:26-3° Nuclear spin relaxation is a

process is a two-photon process in which the Zeeman energySIOectraI diffusion procesaMs = 0, AM, = +1) that transfers
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3 Comparison of the relaxation processes for the radical in
L-alanine and for the 4-Me-2 6Bu-phenoxy radical with those
for the 2,4,6tBu-phenoxy radical shows the differences
between the effects ofye of methyl protons that give resolved

A hyperfine splittings and more weakly coupled methyl protons.

Pump Observe Materials and Methods

Samples.Polycrystalline samples of glycylglycine (Aldrich,
Milwaukee, WI),L-alanine (Sigma, St. Louis, MO), 2,4{@8u-
phenol (97%, Aldrich), and 4-Me-2,8-Bu-phenol (99%,
Aldrich) were irradiated at room temperature witfP@o source
to a dose of approximately 6 MRad. A single crystal aflanine
was irradiated with a dose of approximately 12 MRad. After
irradiation, samples were stored in air at room temperature.
Experiments were performed weeks to months after irradiation,
and no evidence of significant radical degradation was observed.
Spin concentrations were determined by comparison of double-
integrated first-derivative CW spectra with spectra for a 0.53
mM solution of 2,2,6,6-tetramethyl-piperidinyl-1-oxy (Aldrich
Pump Observe Chemical Co., Milwaukee, WI) in toluene. The radical concen-
trations in these irradiated solids are the following: glycylgly-
cine, 7.2x 10 spins/cnd; L-alanine, 1.3x 10'° spins/cni;
2,4,61-Bu-phenol, 6.7x 10 spins/cni; and 4-Me-2,6-Bu-
phenol, 2.2x 108 spins/cnd. On the basis of measurements
with several aliquots of-alanine in typical Wilmad Glass

Observe

s b Company (Buena, NJ) 4 mm EPR tubes, the mass of sample

I ! [ ! I ' [ T 1 per column height in the tube and the estimated diameter of

3160 3200 3240 3280 3320 the tube indicate that the packing of the solid results in about
Field (Gauss) 0.8 g/cn¥. Using this approximate conversion factor, the

. . A SV
Figure 1. Room-temperature integrated CW absorption spectra of the L-alanine sample contained abouk210'° spins/g, which is in
four radicals in polycrystalline samples studied. Spectra were obtained feasonable agreement with the literature value for a dose of 6

at X-band with 0.5 G modulation amplitude and 100 kHz modulation MRad (6 x 10* Gy).#
frequency. The positions of the excitation and observing pulses for  Except at low temperatures where the direct process domi-
ELDOR experiments are showA. 2,4,61-Bu-phenoxide radicab: nates, Tic is expected to be independent of electron spin
glycylglycine radical, C: irradiated L-alanine, D: 4-Me-2,64-Bu- i S .
phenoxide radical. concentratiort2 For se}mples ot-ala_nme irradiated at about 6
and 20 MRad, the spin concentrations were .30 and 2.5
x 1019 spins/cmi. Samples of glycylglycine irradiated at about
cies by processes that involve mutual flip of two unlike spins. 2.3, 6, and 24 MRad had spin concentrations of3.80'%, 7.2
In the present discussion, cross relaxation is used to designatex 108, and 2.1x 10" spins/crd, respectively. For both radicals,
spectral diffusion processes in whidiMs = +1, AM, = F1. CW-SR curves at 295 K for samples with different radiation
Pulsed electronelectron double resonance (ELDOR), with the doses were indistinguishable. As discussed below, the CW-SR
pump and observe pulses on different hyperfine lines, can becurves for these samples are dominatedTay with some
used to determine the time constants for cross-relaxation andcontribution fromTy, for irradiatedL-alanine. UnlikeTie, Spin
for nuclear relaxation processes involving flip of a nuclear spin diffusion is likely to depend on the spin packet width, which
that gives rise to resolved hyperfine splitting. Spin diffusion can be measured by electron spetho spectroscopy. If spin

moves magnetization between unresolved hyperfine components£cho decay is dominated by electreglectron dipolar interac-
within an inhomogeneously broadened lie. tions, it would be concentration dependéhtwo-pulse spir-

To evaluate the effectiveness of methods for measuFiag echo studies showed that echo decays for these irradiated solids
in samples with various spectral diffusion processes, radicals were dominated by dynamic processes that averaged inequiva-
with different proton hyperfine coupling patterns were selected lent environments, or by nuclear spin diffusibriThus, at the
(Figure 1). The EPR spectrum (Figure 1A) of the radical in Spin concentrations present in these samples, spin packet widths
irradiated 2,4,6-triert-butyl-phenol (2,4,8-Bu-phenol) is a are not dependent on electron spin concentration. Therefore for
single line with unresolved hyperfine coupling to the ring €ach solid, a sample at a single radiation dose was deemed to
protons and to thetert-butyl methyl protong® The EPR be sufficient to distinguishT;e from other processes that
spectrum of the radical in irradiated glycylglycine (Figure 1B) contribute to the recovery curves.
exhibits resolved coupling to a single proton withy ~ 18 Spectroscopy X-band (ca. 9.1 GHz) CW-SR measurements
G.*142The room-temperature EPR spectrum of the dominant were made using a locally constructed spectronfétgiem-
stable radical in irradiated-alanine (Figure 1C) exhibits  peratures between 10 and 70 K were obtained using an Oxford
approximately equal coupling-25 G) to a unique proton and  ESR900 flow cryostat. Temperature at the sample, as a function
to the protons of a methyl group. For the radical in irradiated of liquid helium flow and heater setting, was calibrated by
4-methyl-2,6-ditert-butyl-phenol (4-Me-2,8-Bu-phenol), the replacing the sample with a tube containing a thermocouple
coupling to the three equivalent protons of the 4-methyl group immersed in 1:1 water/glycerol. The temperature at the sample
in the fast methyl-rotation regime is about 111@G84344 was strongly dependent upon the helium flow rate, which causes
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as much a 2 K uncertainty in the temperature. Temperatures m_=+1/2, m.=+1/2,

between 77 and 230 K were obtained using a Varian liquid m=+1/2 m=-1/2

nitrogen cooled gas flow system. Temperatures above 230 K (_SD -, — e 4
were obtained by flowing Ngas through a coil submersed in
a dry ice-acetone bath. Between 77 and 300 K, the temperature Y. ’
was measured with a thermocouple near the top of the sample,
and the uncertainty in sample temperature is less than 1 K. The . /
CW-SR data were acquired in the limit where the saturation /
recovery time constant was independent of increasing pump

time. . 1 )

S-band (ca. 3.0 GHz) CW-SR curves were acquired on a ( SD Do JL.Z ——————— ’—3L
locally built spectrometé? equipped with a crossed-loop
resonator (CLR) that is similar to a previously described m=+1/2 m,=-1/2
resonatoP? The CLR assembly, including the first-stage ampli-
fier, was in a custom-built Cryolndustries (Atkinson, NH)
cryostat with two thermocouples attached to the resonator for
sample temperature measurement. Temperatures from 77 to 250 6
K were obtained by flowing Bgas through a coil submersed ~ T~ "’F\
in liquid nitrogen. Temperatures below 77 K were obtained by 7-7 h 7—1—\ 8
liguid helium flow. A Conductus LTC 10 controller was used / . VAT
for temperature regulation. . /

X-band pulsed ELDOR, inversion recovery, ED-SR, and B /
spin—echo data were acquired on a locally built spectrometer ' ) /
equipped wilh a 1 kW pulsed TWT, a Thko, cavity resonator, ,/ / L{ ,AL
and a quartz dewar insé¥t>2 The resonator was over-coupled / vy - —_— 7
to Q ~ 120 to 150. The samples were cooled by nitrogen gas JL_.— S
flowing through a coil submersed in liquid nitrogen. A Wavetek
MicroSweep model 965 was the frequency source for the first Figure 2. A: Eight-level model used to simulate the pulsed ELDOR
pulse of the 3-pulse experiments. A pair of General Microwave curves for the glycylglycine radical, including 4 levels for spin diffusion

. . . . baths (SD)B: Energy level model used to simulate the pulsed ELDOR
PIN diode SP2T switches (F9120AH, rise and fall times of 10 curves for irradiated -alanine and 4-Me-2,6-Bu-phenoxide radical.

ns, 60 dB isolation) was used to rapidly switch between the gach of the eight levels @8) has a relaxation pathway for spin

two frequency sources. For the pulsed ELDOR experiments, diffusion (not shown) that produced a 16-level model. For the ELDOR

the pump ¢2) and observe ;) frequencies were set sym-  experiments transition - 2 was pumped and transition-3 4 was

metrically about the frequency of the resonator to generate observed. For inversion recovery and ED-SR experiments, transition 3
. — 4 was excited and observed. Time constanty—), Tin (- - -), T

similar By for the pump and observe pu!ses. A 1gise was (—+—), and Ts (--*) were adjusted to obtain the best fits to the

64 ns long. The pulse sequence for inversion recovery and experimental data.

inversion ELDOR (IE) was 1807-90°-T-18(°-T-echo in which

7 was varied and = 160 ns was the time between the end of ) )

the second pulse and the beginning of the third pulse. The first & S-band could not excite a large enough bandwidth for the

180° pulse was aty or vy, for the inversion recovery or ~ ELDOR experiment.

inversion ELDOR experiments, respectively. The second and Analysis of the Pulsed EPR DataThe CW-SR, ED-SR,

third pulses were at:. The pulse sequence for ED-SR and and inversion recovery curves were analyzed first by fitting to

saturation ELDOR (SE) was (low-power:& pulse)s-90°-T- a single exponential using a Levenberg-Marquardt algorithm.
180°-T-echo. The first pulse was &t or v, for the ED-SR or For curves that fit well to a single exponential, the uncertainty

. . . 0 ) e
saturation ELDOR experiments, respectively. The positions in Irrc])utt?neé;’“vn\;ee\s (;osrésdtzigt filtsth?ebggialtg /tOHeF:l(J)Xwegl(‘:Zir inzlrl]’tlité'lfl';
the CW absorption spectra that were at resonance for the PUMPnd distinctions between single and multiple ex oF;]entiaI fité
and observe pulses for most of the ELDOR experiments are =N sing . P P .

o . L were based on the statistical tests in the program. The relative
marked in Figure 1. For glycylglycine, the two hyperfine lines

are broad enough that additional experiments were performedweightings for multiple exponential components also were
. ) . -
with the pump and observe ELDOR pulses positioned on the analyzed using Brown’s UPEN routines:*However, even for

h fine line. The | - d ED-SR dat recovery curves with high signal-to-noise ratios, the time
same Nypertine fin€. 1he Inversion recovery an . aa,,constants obtained from these analyses showed substantial
were obtained at the positions in the spectrum labeled “observe

- . . . scatter and dependence on the length of the data acquisition
(Figure 1). Corrections for instrumental artifacts were performed | inqow. As the contributions from faster components become
by subtraction of data obtained with the Wavetek turned off. In 4 qer it is increasingly difficult to extract reliable values of
the absence of an ELDOR effect, a pulsevathas minimal 1, ™ por example, for irradiated alanine, the values Tag

effect on echo intensity at;. An ELDOR enhancement or  gptained by CW-SR are significantly longer than the “slow”
reduction is the ratio of the echo intensity aatfollowing @ component that was obtained previously from an inversion
pulse atv, relative to the echo intensity without a preceding recovery study of irradiatecralanine by fitting data to the sum
pulse atv,. of exponential§®

ELDOR data were not obtained at S-band because the For the glycylglycine radical, an 8-level model was used to
resonator could not be overcoupled to low eno@jto permit analyze the contributions of relaxation processes to the ELDOR
ELDOR frequencies corresponding to two resolved hyperfine curves (Figure 2A). In the inversion recovery or saturation
lines into the resonator. Also, the 20 W TWT that was available recovery experiments, transition-3 4 is both excited and
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observed. In the ELDOR experiments, transitiorr 2 is excited can occur if nuclear spin relaxation transfers magnetization
by the first pulse and transition 3> 4 is observed. Four  between levels 1 and 3 and between 2 and 4 more rapidly than
relaxation times were used to model the return of the spin systemother relaxation processes. Thus, the observation of an ELDOR

to equilibrium.T1e equilibrates levels that differ only iMs. T1p, reduction indicates thafy, < Tie Txi.
equilibrates levels that differ only iM,. Ty is the cross Observation of an ELDOR enhancement indicates that the
relaxation process witAMs + AM; = 0 (AMs = +1, AM, = population of level 3 is high and/or the population of level 4 is

F1). T2 (AMs + AM, = 4 2) was assumed to be significantly low, which arises when cross relaxation occurs more rapidly
longer thanTyy,%” and was not included in the model. Four than other relaxation processes. Thus the observation of an
additional levels are connected to levets4lby spin diffusion ELDOR enhancement indicates tAgt < Tie Tin. The diagrams
with time constanfls (Figure 2A). in Figure 2 are drawn assuming thag > 0. If Ay < 0, then

For the radicals in-alanine and 4-Me-2,6Bu-phenol, there ~ Txt would connect levels 2 and 3, but shdgt would still result
are more than two resolved hyperfine lines so the model in in @ ELDOR enhancement. _ _
Figure 2A was extended to include the hyperfine lines to high- [N the inversion ELDOR experiment, hard (nonselective)
field and low-field of the transitions that were pumped and Pulsés were used for the pump and observe pulses, so the
observed (Figure 2B). In addition to the 8 levels shown in Figure fraction of the “pumped” line that is excited is comparable to
2B, there are 8 corresponding levels (not shown) that are the fraction of the “observed” line that is detected. This results
connected by spin diffusion to levels-8. ForL-alanine, the N @& relatively well-defined initial state for the observed
lowest field line <3195 G in Figure 1) was not included in Magnetization. In the saturation ELDOR experiments, the initial
the simulation because it was assumed that it made a negligible!Ong low-power saturating pulse is relatively selective. Although
contribution to relaxation for transition-3t. The relative ~ B1=0.2100.6 G, the s length of the pulse means that,1/
intensities of the hyperfine lines were used to calculate the IS ~0.06 G, which excites a small fraction of the “pumped”
probabilities of nuclear spin flips between pairs of adjacent liné. The shorter observing pulses hd about 3 G, which
hyperfine lines. It was assumed that the relative populations of €XCites a substantial fraction of the “observe™ line. This results
spins excited and observed were proportional to the line in @less well-defined initial state for the observed magnetization,
intensities. For irradiatec-alanine at 298 K, these assumptions Which complicates quantitative modeling of the daig, T,
were tested by pumping on each of the transitions and observing®"d Tin Obtained by fitting saturation ELDOR curves were
either of the adjacent transitions. The observed magnitude of cOnsistent with values obtained from inversion ELDOR curves.
the ELDOR enhancement for each pair of lines was proportional However, the Mathcad routines were not successful in modeling

to that calculated based on the probabilities of spin flips and e magnitude of the enhancements or reductions in the
relative line intensities. It was assumed that all spins in adjacent Saturation ELDOR curves, which is attributed to an incomplete

lines could be characterized by the same valueg0br Typ, description of the events that occur during the long saturating
If this is not the case, it would be a systematic source of error. PUISeS.

To analyze the inversion recovery and inversion ELDOR Analysis of the Temperature Dependence offie The
curves, Mathcad (MathSoft, Cambridge, MA) routines were temperature dependence ofril/was fitted to
written based on the models in Figure 2A and 2B. The time T\o [0
dependence of the population of each level was expressed in— = AT+ Avad 7| 35 o) S
terms of the four time constants and the deviation of the Tie o T

instantaneous population from the equilibrium Boltzmann e/ T 21,
population?85° The resulting equations for the 8-level model Aoe S | T Avel ———| (1)
are given in the Appendix. The evolution of the populations (€T — 1) 1+ w7

was calculated using numerical integration with a fourth-order
Runge-Kutte algorithm. The populations of the levels that are whereT is the temperature in KelvirAg; is the coefficient for
involved in the transition that was excited by the first pulse the contribution from the direct proce#samis the coefficient
were adjusted to match the extent of inversion observed for the Raman procesép is the Debye temperaturds is the
immediately following the pulses. Complete inversion was not transport integral,
attained, which may be due to incomplete excitation of the
inhomogeneously broadened lin€ge, Tx1, Tin, and Ts were 3 (90) _ poolT g dx
adjusted iteratively to simultaneously give the best fit of the 8 —Jo (€ — 1)
calculated signals to the experimental inversion recovery and
inversion-ELDOR curves. Curves initially were modeled as- a. is the coefficient for the contribution from a local vibrational
suming negligible spin diffusion. In the temperature regions mode, A is the energy for the local mode in Kelvifwe is
where inversion recovery experiments demonstrated the impor-the coefficient for the contribution from thermally activated
tance of spin diffusionTs and the populations of the spin bath - methyl rotation,z. is the correlation time which is equal to
levels were adjusted to account for the fastest component in; E/T E, js the activation energy, and is the preexponential
the inversion recovery curve and for the magnitude of the factor. An Orbach process was not considered because there
ELDOR reduction or enhancement. The estimated Uncertaintyare no known |Ow_|ying electronic states for the radicals
in Tie, Tra, @ndTan is about 10% except at temperatures where examined. Mathematical expressions for the temperature de-
two or more time constants are similar, and therefore are difficult pendence of spin-lattice relaxation are taken from the following
to distinguish. references: Raman procé8s? local mode?® and thermally

In the ELDOR measurements the pump pulse on transition activated proces¥.
1 — 2 (Figure 2) decreases the population of level 1 and  Strategy Used in Analyzing Temperature Dependence of
increases the population of level 2. Observation of an ELDOR T For each sample, the temperature dependendgcofias
reduction for transition 3~ 4 indicates that the population of  fitted with the smallest number of contributing processes
level 3 is low and/or the population of level 4 is high, which consistent with the experimental data. Comparison of data at

T
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TABLE 1: Contributions to Spin-Lattice Relaxation Determined by Fitting to eq 12

temperature methyl rotatiof
range direct Raman local Ea (K), 70 (S), €%,
studied Auir Aram (571)1 Aioc (Sfl)y Atherm (X), Athem{s)
irradiated solid (K) (s1K™ 0b (K) Aioc (K) (sd
2,4,61-Bu-phenol 25 to 295 4.3 104, 2 x 105, 800, 7x 10712 0.6,
150 1000 1.3x 10%, 7 x 10*
glycylglycine 16 to 295 0.5 1.& 104, 2 x 107,
140 1120
L-alanine 16 to 330 5.5 2.0 104, 1450, 7x 10715, 0.85,
150 2.5x 101, 2 x 10%
4-Me-2,64-Bu- phenol 13t0 295 165, 8 10713 0.68,

8 x 10" 4 x 104

aEnergies in Kelvin. To convert from Kelvin to kJ/mol, multiply by 8.37 1072. ® Davidson-Cole distribution paramef&r.c Contributions
from a second thermally activated methyl rotation process are not included in the table. Values from the literature were used as discussed in text.

X-band and S-band distinguished between the effectden : — Temperatus (K) : :
due to methyl rotation, which is frequency dependent, and 20 3 40 50 60708090 200 300
contributions from other processes that are not frequency
dependent. In temperature ranges where methyl rotation domi- 50 —|
nates, there are two adjustable parametessand E,. The 4
uncertainties in these parameters are decreased by requiring 4 T
agreement with the data at both microwave frequencies.
Distributions of activation energies were used to model the
contribution of methyl rotation t@1e. A Gaussian distribution
or a Fang distributiof# did not give as good fits to the
temperature dependence ofid/as a Davidson-Cole distribu-
tion .83 In the Fang distribution, interaction with the lattice leads
to increased steric hindrance and there is a distribution of
activation energies above a lower limit value. In the Davidson- / ,
Cole distribution there is an upper limit on the activation energy -/ /
and a distribution below that limit. This model has been widely 1.0 — /. '
used to interpret nuclear spin relaxation in sofiéif temper- /'
ature ranges where methyl rotation did not dominate spin-lattice / /
relaxation, a Raman process and/or local vibrational mode I T I T I T 1
dominatedTl;e The Raman process typically dominates at lower 1.40 1.80 2.20 2.60
temperatures than local vibrational modes and results in a log [Temperature (K)]
smaller slope in a plot of log(Tfe) versus logl) than local Figure 3. Temperature dependence of the recovery rate constants
vibrational modes. Table 1 summarizes the parameters that wereptained for 2,4,8-Bu-phenoxy radical by ) X-band inversion
used to obtain the fit lines for the X-band and S-band data. recovery withB; = 3.0 G, (x) X-band ED-SR, £) X-band CW-SR,
Parameters for a second thermally activated methyl rotation and ©) S-band CW-SR. The parameters for the fits to th X-band
process that contributes above about 250 K for irradiated @d (- -) S-band CW-SR are summarized in Table 1. Contribu-
- tions from ¢++) Raman process,—(- —) methyl rotation at S-band,
L-ala_mlne and_above about 150 K for 4-Me-2—,Bu-phe_noI_ were ~..2) methyl rotation at X-band, and<- - - —) local mode are
not included in Table 1 because of large uncertainties in the ghown.
values.T1e data were not obtained at high enough temperatures
to encompass the high-temperature limits for these processes,
so literature values fdE, were used to calculate the fit lines in  activated dynamic processes. Results for each sample are
these regions. discussed in the following paragraphs.
2,4,6-Tri-tert-butyl-phenol. The 2,4,6tBu-phenoxy radical
is produced byy-irradiation of 2,4,6:Bu-phenolt* The EPR
Results spectrum (Figure 1A) is a single line with a width at half-height
of about 7 G. At X-band inversion recovery, ED-SR and CW-
Time constants obtained as a function of temperature by (a) SR gave similar time constants between 77 and 295 K (Figure
CW-SR using a pump time that was long relativeTig, (b) 3) and the recovery curves fit well to single exponentials. S-band
ED-SR with a saturating pulse of s, and (c) inversion  CW-SR curves also fit well to a single exponential. Variation
recovery using an initial pulse of 64 ns were compared to of the microwaveB; from 6.0 to 1.5 G had little impact on the
determine the contribution of spectral diffusion. Pulsed ELDOR  X-band inversion recovery time constant. These results indicate
data were used to determine the time constants for nuclearthat spectral diffusion processes make negligible contributions
relaxation and cross-relaxation between resolved hyperfine linesto the recovery curves for this radical, and the time constants
and to separate these contributions frémg By comparison of are attributed tdle.
the results from the various experiments, a consistent set of spin  Temperature Dependence af.TFrom 30 to about 60 K, the
relaxation time constants was obtained for each sample. Thespin-lattice relaxation times are similar at S-band and X-band,
temperature dependence Df. was modeled to determine the and the temperature dependence dfdtould be fitted to a
processes that dominate the spin-lattice relaxation. CW-SR dataRaman process (Figure 3). From 60 to about 250 K, relaxation
were obtained at two different frequencies to test for thermally times are shorter at S-band than at X-band, which indicates a

3.0 —

log [1/(Time Constant) s ]
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Figure 5. Recovery curves at 77 K for the glycylglycine radical,

) obtained by A) inversion recovery wittB; = 1.5 G, B) inversion
Figure 4. Temperature dependence of the recovery rate constants for yecovery withB;, = 6.0 G, and C) CW-SR.

the glycylglycine radical obtained fron®#) X-band inversion recovery
with B; = 3.0 G, (x) X-band ED-SR, ) X-band inversion ELDOR,
(a) X-band saturation ELDOR %) X-band CW-SR, and<) S-band
CW-SR curves. The fit function) for the data obtained by X-band

log[Temperature (K)]

of the time constant oty and the observation that the inversion

and S-band CW-SR includes contributions from the Raman <), recovery and ED-SR curves did not fit well to a single
direct (- - -), and local mode () processes. Parameters for the fit line ~ €xponential indicate that spectral diffusion processes make
are given in Table 1. substantial contributions to the inversion recovery and ED-SR

curves, especially at lower temperatures. Above 160 K, the time
constants obtained from ED-SR are more similar to the CW-
SR time constants than at lower temperatures, which implies
were strongly temperature dependent between 77 and 295 Kthat the effects of the spectral diffusion processes above 160 K

with minimum values near 125 K at both X-band and S-band. '€ Iargely s_uppressed by the:8 pU|S?' . )
This temperature dependenceTafis characteristic of radicals _The inversion recovery data shown in Figure 4 were obtained
in which a dynamic process is occurring at rates comparable toWith Bt = 3.0 G, which is a small fraction of the line width.
the electror-proton hyperfine (i.e., a few MHz) that is averaged Data also were obtained witB; = 1.5 or 6.0 G. At low

by the motion. For 2,4,6-Bu-phenoxy radical these dynamic ~témperature, the recovery curves are strongly dependeBt on
effects are attributed to rotation of the methyl groups. NMR @nd the time constant is shorter for either inversion recovery
studies have shown that the barriers to rotation of the inequiva- 8xPeriment than for CW-SR (Figure 5). The inversion recovery
lent methyl groups in nonirradiated 2,4:Bu-phenol are 6.7 curves were _analyzed as a sum of expon(_ennals, with the long
kJ (800 K) and 10 kJ (1200 K)The use of these values Bf component fixed at tr_le value @fe determined by CW-SR.
and a Davidson-Cole distribution parameter 0.6 gave good ~ For B1 = 6.0 G, the time constant of the second component
fits to the temperature dependence of;d/(Figure 3). Since ~ Was similar to the values df1, determined by ELDOR (see
this process makes a relatively small contribution T d.there below). For the smaller values d,, particularly at lower

is substantial uncertainty in the fit-parameters. Above about 250 temperatures, the time constant for the second component was
K there is little frequency dependence ofTid/ and the faster thanTi, The observation of shorter recovery time
temperature dependence is consistent with a contribution from constants for smalleéd, implies that spins excited by the pulses

contribution from methyl rotation, or other thermally activated
process. Two-pulse spirecho dephasing time constants,,

a local mode withAj,c = 1000 K. exchanged energy with spins within the inhomogeneously
Glycylglycine Radical. The free radical produced byir- broadened line that were not excited by the pulse. This spectral

radiation of glycylglyciné-#2is shown in Figure 1B. Katayama  diffusion process is denoted as spin diffusion and dominates

and Gordy calculated that the electron spin density on-Gel the inversion recovery curves whéq = 1.5 G.

carbon is approximately 0.78 The coupling to the-CH proton ELDOR was used to characterize the spectral diffusion

produces the 19 G doublet splitting that is observed in the CW processes. Between 77 and 295 K inversion ELDOR showed a
spectrum. Couplings to other nuclei broaden the two lines. The reduction of echo intensity for the glycylglycine radical (Figure
full width at half-maximum is about 15 G. 6). At each temperature examined, the reduction observed by
Although the recovery curves for the glycylglycine radical saturation ELDOR (data not shown) was about twice that
obtained by some experiments do not fit well to a single observed by inversion ELDOR, which is attributed to greater
exponential, approximate single-exponential fits were compared perturbation of spin populations during the:§ pump pulse of
to obtain qualitative indications of trends (Figure 4). The time the saturation ELDOR experiment than during the 64 ns
constants estimated as single-component fits increased in thanverting pulse of the inversion ELDOR experiment. The
order inversion recovery ED-SR < CW-SR, which correlates ~ ELDOR reduction indicates thafi, < Tie throughout the
with the increasing lengths of the excitation puldgst, = 64 temperature range examined. The initial decrease in ELDOR
ns for inversion recovery, = 6 us for ED-SR, and, = 50 us signal is attributed toTi, and the subsequent recovery is
to a few ms (depending ofe) for CW-SR. The dependence  attributed toT;e
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Figure 6. X-band ELDOR curves at selected temperatures for the log[Temperature (K)]

glycylglycine radical, with simulations using the 8-level model (Figure  Figure 7. Temperature dependence of the recovery rate constants for
2A). The y-scale for each curve is 0.88 to 1.00. Throughout the jradiatedL-alanine from #) X-band inversion recovery wit; =
temperature range shown, the ELDOR reduction was about 10%. The3 g G, (<) X-band ED-SR, ©) S-band CW-SR, 4) X-band C\W-
parameters for the fit lines are given in the text. SR, and &) X-band ELDOR curves. The parameters used to fit the

(- --) X-band CW-SR and-{) S-band CW-SR data are summarized

" . . . ) in Table 1.
Initial estimates off 1. were obtained by a single-exponential

fit to the latter parts of the ELDOR curves and showed Tat
decreases substantially from 77 to 295 K, whilg showed not frequency dependent and thus is not a thermally activated
little temperature dependence (Figure 6). The ELDOR reductionsprocess (eq 1). Between about 30 and 295 K, the temperature
would then be expected to become smaller as the temperaturedependence of T{ could be fitted using a Raman process with
is increased, because the time constants for the two processea Debye temperaturép, of 140 K. Above about 250 K, there
become more comparable at higher temperature. However, theis a small contribution from a local vibrational mode witly.
ELDOR reductions remained approximately constant throughout = 1120 K (~800 cnt?) and at temperatures below about 30 K
the temperature range. To account for this observation, it is a process with the temperature dependence of a direct process
proposed that another spectral diffusion process is present, whickcontributes to the relaxation (Figure 4).
competes withT,. On the basis of th®&; dependence of the L-Alanine. The major free radical produced byirradiation
inversion recovery curves, this process is attributed to spin of L-alanine is formed by the removal of theNH3 group®
diffusion. The inversion recovery and inversion ELDOR This radical has been used in radiation dosimei&tsRelax-
recovery curves were simulated with a Mathcad routine that is ation times and methyl dynamics in irradiateéilanine have
based on the 8-level model shown in Figure ZAwas about been studied using CW-EPRS ENDOR 7185769 CW-EL-
10 us between 77 and 295 Hj, was 40+ 10 us between 112 DOR/,% and pulsed EPRE7* The unpaired electron is centered
and 295 K.Tie decreased from 43@s at 77 K to 53us at 295 on the carbon that is bonded to the methyl group and a proton
K. (Figure 1C). The average hyperfine coupling to the methyl
The lines in the spectrum of the glycylglycine radical are protons and to the unique proton are approximately equ2b(
wide enough that ELDOR experiments could be performed G) and give rise to an apparent 5-line EPR spectrum at room
between positions in the same hyperfine line, with negligible temperature (Figure 1B). Although the recovery curves for
overlap of the pump and observe pulses. At room temperature,irradiated.-alanine that were obtained by some experiments at
saturation ELDOR with &, of about 0.2 G for the pump pulse  some temperatures did not fit well to a single-exponential,
gave large ELDOR reductions. The time constant for the initial approximate fits were compared to examine trends (Figure 7).
signal reduction isls. Ts is of the order of 1Qus and became  Assignment of the multiple time constants that contribute to
shorter as the frequency separation between the spins excitedecovery curves obtained by different methods relied heavily
by the pump and observe pulses was decreased. on the ELDOR data, which is described first, followed by a
Temperature Dependence ofc TCW-SR curves at S-band  summary of the experimental data divided into three temperature
and X-band for the glycylglycine radical were acquired with intervals (<100 K, 100 K to 190 K, and 190 K to 330 K).
pulses that were much longer th@nand Ty, and the curves Analysis of ELDOR Cures Between 77 and 190 K ELDOR
fit well to a single exponential. The time constants obtained by reductions were observed (Figure 8), indicativeTef < Tie
CW-SR matched well with the time constants obtained by The largest ELDOR reductions (Figure 8) were observed at
simulation of the ELDOR data, which indicates that the long- about 133 K, which is in the temperature range where the rate
pump CW-SR recovery curves were not impacted by spectral of methyl rotation is comparable to the average hyperfine
diffusion, and so the time constants are assignelda8etween coupling to the methyl protorf§. The reductions observed by
about 30 and 295 K the values ©fc obtained by CW-SR at  saturation ELDOR were up to 7 times as large as by inversion
X-band and S-band are the same (Figure 4), within experimental ELDOR, which is attributed to greater perturbation of spin
error, which indicates that the dominant relaxation process is populations during the longer saturating pulses. Above 200 K,



T1e Of Radicals in Irradiated Solids J. Phys. Chem. A, Vol. 107, No. 5, 200805

133K 2.0E45 T
\///J _ .
s 7 T A
A/
| 153 K 16645 — 7
7
re . 2
£ 193K 2 !
2 \/"'""' =z 1.2E+5 — //
2 2 /
4 Is) /
213K
8 é 8.0E+4 — #
| E )/
w = ,
T /
/
253K a0E+s —& K !
3 Py N ‘
He N N N
i a8 -
R *’—_‘_=—_—*::¥-——#
295K A —-A
I 0.0E+0 | T T T T T I T ]
[ I ' ! ' 1 160 200 240 280 320
0 200 400 600 Temperature (K)
Time (us) Figure 9. Relaxation rate constants obtained by inversion recovery

Figure 8. X-band ELDOR curves for irradiatedalanine at selected ~ and inversion ELDOR for irradiatedralanine: &) Ty, (+) Tie and
temperaturesl Thﬁ.scak:'\ for each curve is 0.88 to 1.12. The curve at (’) Tln- Spln diffusion within the EPR line contributes to the relaxation
253 K shows a 12% enhancement and the curve at 133 K shows abelow 233 K withTys about 5-10 us.
12% reduction. Simulations (- - -) were calculated based on the model
in Figure 2B and the time constants shown in Figure 9. group becomes comparable to the difference between hyperfine
couplings to inequivalent methyl protons, and spectra are in the

an ELDOR enhancement was observed (Figure 8), which intermediate exchange regirffeAbove about 160 K, the rate
indicatesTyxs < Tip < Tie In the ELDOR curvedy; dominates of rotation of the methyl group is fast relative to the inequiva-
the initial rise; T1, andT1e contribute to the signal decrease and lence of electrorproton hyperfine couplings and the methyl
subsequent return to equilibrium. The depth of the reduction is protons appear equivalent on the EPR time st&aldp to 180
determined by the relative values ofe and T;n. The 16-level K at X-band and to 145 K at S-band, CW-SR curves fit well to
Mathcad model (Figure 2B) is based on the hyperfine splitting single exponentials. The time constants at X-band obtained by
pattern in the rapid methyl-rotation limit, so the model was used CW-SR are in good agreement with the values obtained by
only to analyze ELDOR data at temperatures above 150 K. The ELDOR, and so the CW-SR time constants at X-band (up to
time constants obtained by modeling the ELDOR data are shown180 K) and at S-band (up to 145 K) are attributedl't@ The
in Figure 9. The maximum in Tf; was at about 273 K, which  inversion recovery curves in this temperature interval are
is in good agreement with the maximum at about 260 K strongly dependent oB,, consistent withTs < Tie, and the
observed by Angelone et al. by LODESRBelow about 213 curves do not fit well to a single exponential. Between 110 and
K, in addition to the time constants shown in Figure 8, spin 170 K, the time constants obtained by X-band ED-SR are similar
diffusion with a time constant of about3.0us was neededto  to values obtained by CW-SR (Figure 6). In this temperature
account for a rapid component in the inversion recovery curves range it appears thaf. is short enough and the & pump
and to model the magnitude of the ELDOR reduction. Near time in the ED-SR experiment is long enough to mitigate the
180 K, T1e ~ Tin ~ Tx1 and the ELDOR curves show little  effects of the spectral diffusion processes that contributed to
enhancement or reduction. The valuesTef obtained by the the inversion recovery curves. Thus, from 100 K up to about
modeling were in good agreement with values obtained by fitting 180 K (X-band) or 145 K (S-band)1e could be determined
the latter portions of the ELDOR curves to a single exponential. by CW-SR or ED-SR. At higher temperatures, ELDOR was

Comparison of Time Constants Obtained by Various Methods required to determin@e.
CW spectra of irradiated-alanine show that below about 100 Above 190 K the time constants obtained from the X-band
K the rotation of the methyl group is slow enough that hyperfine CW-SR curves are shorter than the time constants obtained from
couplings to inequivalent methyl protons are obsefifdd.this the ELDOR curves. The fast process in the multiexponential
temperature range, CW-SR curves at S-band and X-band fit wellrecovery of the CW-SR curves in this temperature range is
to single exponentials and the recovery time constants are theattributed to cross relaxation. It appears that the effects of cross
same at the two frequencies. ELDOR reductions were observedrelaxation cannot be fully suppressed by the long saturating
at 77 and 93 K, which indicateE;, < Tie, and the values of  pulses in CW-SR. Fitting of the CW-SR curves to the sum of
T1e agreed with the values obtained by CW-SR. Inversion exponentials gave time constants for the long component that
recovery curves at 77 and 100 K were strongly dependent onwere similar toTye obtained by ELDOR, but with substantial
B;, consistent withTs < T Inversion recovery and ED-SR  scatter in the values. The inversion recovery curves also exhibit
curves at 77 and 100 K did not fit well to single exponentials multiple components, but there is little dependenc®&pabove
due to contributions fronTy, andTs. Thus, in this temperature  about 215 K, which indicates thafs is longer than other
regime we conclude that reliable valuesT@f can be measured  contributions to the spectral diffusion. Fitting of the inversion
by single-exponential fits to CW-SR curves, but not to ED-SR recovery curves above 190 K to the sum of two exponentials
or inversion recovery curves. gave time constants similar #q; andT;. obtained by ELDOR

As temperature is increased above 110 K, the CW spectra ofbut with substantial scatter in the values. At 298 K the values
irradiatedL-alanine show that the rate of rotation of the methyl of T, obtained by CW-SR and ELDOR are 41 and &§,
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respectively, which are significantly longer than the value of indicates that an additional dynamic process dominates the
21.2us obtained previously by fitting inversion recovery curves relaxation. The frequency dependencéd gfat room temperature
to the sum of two exponentials for a different hyperfine fhe.  was observed in a prior study,but the dynamic process
The results in ref 56 were obtained for the low-field line of responsible for the frequency dependence was not assigned. On
the 5-line spectrum of a single crystal of irradiatedlanine. the basis of the data obtained in this study, we attribute this
For a single crystal, at a series of orientations that spanned aProcess to rotation of the lattice methyl groups at rates
range of proton hyperfine splitting3;e measured by ELDOR ~ comparable to the electron Larmor frequency. The lattice methy!
at 77 or 180 K varied by less than about 20% as a function of groups, which are attached te®sarbons, have higher activation
orientation or position in the spectrum. The ELDOR reductions €nergies than the methyl group attached to &rcagbon in the
were 27% to 80% at 77 K, depending on which lines were radical. NMR studies of nonirradiatadalaniné ObtainedEa
pumped or observed, and the resulting recoveries fit well to a = 2700 K (22.4 kJ) for rotation of methyl groups. The use of
single exponential. At both temperatures the value3gfin these activation energies gave a reasonable fit to the X-band
the single crystal differ by less than 20% from the values in the data forT:e above 200 K (Figure 7).
polycrystalline sample. By contrast, the spectral diffusion  4-Methyl-2,6-di-tert-butyl-phenol. The 4-Me-2,6t-Bu-phe-
contributions to the recovery curves were strongly dependentnoxy radical is produced by-irradiation of 4-Me-2,6:-Bu-
on position in the spectrum. For both the single crystal and phenol’® The unpaired electron spin density is delocalized in
polycrystalline samples, the contribution from spectral diffusion the zz orbitals of the benzene ring. The spin density on the
was substantially larger for the low-field or high-field lines than 4-carbon is about 0.5,and coupling to the protons of the methyl
for the center line, which is attributed to the relative populations group gives rise to a 4-line EPR spectrum at room temperature
of the adjacent lines and corresponding probabilities for spectral (Figure 1D). Below about 20 K, rotation of the methyl groups

diffusion processes. Thus, measurementd Qffor the low- is slow relative to differences in hyperfine couplings to
field and high-field lines by techniques other than ELDOR are inequivalent methyl proton.
particularly sensitive to spectral diffusion. Analysis of ELDOR Cures X-band ELDOR experiments

Temperature Dependence of.TBy combining the data  were performed between 77 and 295 K. The ELDOR enhance-
obtained from CW-SR and ELDOR;. values were obtained  ment decreased from about 10% at 77 K to a negligible value
at X-band from 15 to 295 K. ELDOR data were not obtained above 140 K. The enhancement is attributedto< Tin, Tie
at S-band, so the extent to which spectral diffusion contributes The inversion recovery and inversion ELDOR curves between
to the observed recovery curves is not known. By analogy with 77 and 112 K were simulated using a Mathcad routine based
the X-band data, it is proposed that spectral diffusion contributed on the 16-level model in Figure 2By, increased from 1Ls
to the CW-SR curves above 145 K, where the data did not fit at 77 K to 35us at 112 K.Tie was about 30Qus in this
well to a single exponential. At both X-band and S-band, the temperature range ard, was about 25@s. The similarity in
contributions from spectral diffusion are more significant at values ofTieandTin makes the analysis more ambiguous. Since
temperatures above the value that corresponds to the localan ELDOR effect arises from spectral diffusion, the absence of
maximum in 1T, (Figure 7), which is the temperature region ELDOR signals at temperatures above 160 K shows That
where Ty, is short. and Ty are not significantly shorter thafe at temperatures

At X-band and S-band below 30 R is dominated by a  above 160 K.
relaxation process with a temperature dependence similar to that Comparison of Time Constants Obtained by Various Methods
of the direct process (Figure 7). The bulk spin concentration Throughout the temperature range examined, the S-band data
for the L-alanine sample is aboutx 10° spins/cm, which is fit well to a single exponential and the time constant was
relatively high. Thus, the relaxation observed at this radical assigned adi.. Below about 30 K and above about 125 K,
concentration at low temperature may have contributions from X-band CW-SR curves for the 4-Me-2t@u-phenoxy radical
intermolecular electron spirspin interactiond Between 30 and ~ fit well to single exponentials, and the time constant was
90 K, the relaxation times at X-band and S-band are dominatedassigned adi. Above about 125 K the inversion recovery
by a Raman process with a Debye temperat@geof 150 K. curves obtained witB; = 3.0 or 6.0 G and ED-SR could be fit
Between 90 and 200 K, the relaxation times are different at to a single exponential, and the time constant agreed with the
X-band and S-band; T/, goes through a maximum at about Values obtained by CW-SR, consistent With < Tx, T1nand
160 K at S-band and about 190 K at X-band (Figure 7). The consistent with the absence of an ELDOR effect. Above about
frequency and temperature dependence is consistent with200 K even the inversion recovery curve obtained viih—=
domination ofTie by rotation of the methyl groups at rates 1.5 G gave a time constant that agreed with the CW-SR value,
comparable to the Larmor frequency. The temperature depen-indicating thatTie < Ts. SinceTse at this temperature is 24s,
dence ofTye at both frequencies was fitted with an activation this comparison provides an estimate of a lower limitTefor
energy E., of 1475 K and Davidson-Cole distribution parameter this sample.
€ = 0.85. For this activation energy the rate of rotation matches Between 35 and 125 K the CW-SR curves did not fit well to
the S-band frequency at 162 K and the X-band frequency at a single exponential. On the basis of the ELDOR data at 77 K
186 K, in good agreement with the experimental data (Figure and above, the fast component in the CW-SR curves is attributed
7). Activation energies between 1375 and 1600 K produced to Tyx;. The inversion recovery curves between 77 and 170 K
adequate fits to the temperature dependence B, 1%0 the were dependent oB;, which indicatesls < Tie. The inversion
estimated uncertainty i, is about+100 K. The activation recovery curves fit well to a sum of exponentials, but the
energy of 1475 K (12.3 kJ) is on the low end of literature values, components could not be clearly identified with individual
which range from 1475 to 2120 K (12.3 to 17.6 k3§5.57.68.71 processes.

Above about 160 K there is some uncertainty in the values  Temperature Dependence qf TThe temperature dependence
of Tie at S-band because of the contributions from spectral of Ty for the 4-Me-2,6tBu- phenoxy radical (Figure 10) below
diffusion. However, even with that uncertainty, it is evident that 100 K is dramatically different from that for the 2,4t@Bu-
1/T1e at S-band is faster than at X-band (Figure 7), which phenoxy radical (Figure 3). The maximum inTid at lower
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o Temperature (K) 1200 K) was used to fit the temperature dependenceTat 1/
ST 20 30 40 50 60708050 200 300 for the 4-Me-2,6t—Bg-ph¢noxy rad|ca_l e}bove 100 K (Figure 10).
10 100 The methyls that give rise to the minimum Ti, at about 250

K (and presumably correspond to the literature activation
energies of 3000 to 4000 K) are likely to be rotating too slowly
to impactT1e within the temperature range examined. The larger
difference between the relaxation times at X-band and S-band
for the 2,4,6:Bu-phenoxy radical (Figure 3) than for the 4-Me-
2,64-Bu-phenoxy radical (Figure 10) above about 100 K is
attributed to larger spin density on theett-butyl group than

on the 2- or 6tert-butyl groups.

5.0 —

4.0 —

Discussion

log [1/(Time Constant) s]
1

For radicals in irradiated glycylglycine;alanine, and 4-Me-
2,64-Bu-phenol, different recovery time constants were obtained
by inversion recovery, ED-SR, and long-pump CW-SR at some
temperatures, which indicates the importance of spectral dif-
fusion processes. Any process that transfers magnetization out
of the observation bandwidth may contribute to the recovery
T [ T I 7 I T I ' curve. The observation bandwidth depends on the experiment

1.20 o ;-(G_Pemperature) ﬁg}ﬂ 2.40 performed. If the time constant for a spectral diffusion process
is shorter thanTie, but long enough to be observable, the
Figure 10. Temperature dependence of the recovery rate constants apparent time constant for return to equilibrium will be shorter

for 4-Me-2,64-Bu-phenoxy radical obtained by} X-band inversion . : . .
recovery withB, = 3.0 G, (+) X-band ED-SR, ¢) X-band CW-SR than Tie However, if the pump time that is used to excite a

or ELDOR, () S-band CW-SR, anda) CW-SR in the temperature spin t_ransition is longer thaim,e, the contribution of speqtral

region where time constants were shorter than obtained by ELDOR diffusion processes to the observed recovery curve can in some

and therefore were not included in the fitting:)(Fit to the X-band cases be decreased.

data, (-_--) flt to the S-band CW-SR data. The fit parameters are For the 2,4,6-tri-Bu-phenoxy radical, which has a single-

summarized in Table 1. line EPR spectrum, the recovery curves from each of the
experiments could be fit to a single exponential and the time

temperature at S-band than at X-band is characteristic of theconstant obtained by the three techniques agreed well (Figure
effects of methyl rotation occurring at a rate comparable to the 3). On the basis of these observations, we conclude that spectral
electron Larmor frequency. The fit lines in Figure 10 were diffusion did not make a significant contribution to the recovery
obtained withE, = 165 K (1.4 kJ) and a Davidson-Cole curves and the time constants obtained by any of the methods
distribution parameteg = 0.68. This activation energy is  for 2,4,6-trit-Bu-phenoxy radical can be equated with.
somewhat lower than the literature values of 270 to 380 K for ~ For the radicals with EPR spectra that exhibited resolved
classical rotation (2.4 to 3.2 k3}434474The effects of methyl ~ hyperfine splittings (Figure 1), spectral diffusion caused the
rotation on Tie extend into the temperature range where recovery time constants calculated from single exponential fits
tunneling dominate® 75 The tunneling barrier height is 230 to  to inversion recovery and/or ED-SR curves to be significantly
320 K (2.0 to 2.8 kJ). Modeling the temperature dependence of shorter tharil;e obtained by CW-SR or ELDOR (Figures 4, 7,
1/T;e for the 4-Me-2,6t-Bu-phenoxy radical between 10 and and 10). ELDOR experiments and measurements of inversion
80 K with E; = 190 and 300 K gave a fit line that was similar ~recovery time constants as a function Bf were used to
to the one shown in Figure 10. These two activation energies characterize three spectral diffusion processes: spin diffusion,
could be viewed as an approximate analysis of the contribution huclear spin relaxation, and cross relaxation.
from a tunneling process, in addition to classical rotation. Of the samples studied, the 2,4;8u-phenoxy radical has
Above about 100 K, the values of Tkt for 4-Me-2,64-Bu- the narrowest line, so & = 6.0 G a large fraction of the spins
phenoxy radical (Figure 10) are similar at X-band and S-band are excited, and spin diffusion has negligible effects. For the
and are similar to the values for 2,4;®u-phenoxy radical ~ other samples, even 8 = 6.0 G, a relatively small fraction
(Figure 3). Two-pulse spinecho dephasing time constaris, of the spectrum was excited and spin diffusion made substantial
for the 4-Me-2,6:Bu-phenoxy radical were strongly temper-  contributions to the inversion recovery curves at temperatures
ature dependent between 77 and 295 K, with minimum values where Ts < Tie Ts does not exhibit substantial temperature
near 120 and 250 K. The strong temperature dependeriGg of dependence, as expected for a dipolar mechaffisand was
indicates that methyls in thiert-butyl groups are rotating with  of the order of 1 to 1@s. Because of uncertainties in the relative
rates comparable to the inequivalences in proton hyperfine populations of spins that participate in spin diffusion (the
couplings. The observation of two minima T, shows that population of the spin diffusion bath, Figure 2) it is difficult to
the differences in barriers to rotation for different types of determine precise values fdg. The 6us pump of the ED-SR
methyls are greater for the 4-methyl phenoxy radical than for was long enough to substantially mitigate the impact of spin
the 4+tert-butyl analogue. Analysis of the temperature depen- diffusion for the 2,4,&-Bu-phenoxy radical (Figure 10). CW-

2.0 —

1.0

dence of NMRT; values for nonirradiated 4-Me-2teBu-phenol SR pump times longer thads effectively eliminated its
found E; = 9.88 kJ (1180 K) and 34.4 kJ (4100 K) for contribution to the recovery curves.
nonequivalent methy/&:77 An ENDOR study founde, = 10.48 For the two radicals with resolved hyperfine coupling to a

kJ (1250 K) and 20.8 kJ (2480 K) for thert-butyl methyl unigue proton, the glycylglycine radical and the radical in
groups in the 4-Me-2,6-Bu-phenoxy radical® An average of irradiated L-alanine, ELDOR reductions were observed in
the literature values for the faster-rotating methyl groufas= temperature ranges whefe, < Tie For glycylglycine, Tin is
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approximately independent of temperature between 112 and 2950 150 K, and the coefficients are (3:8.3) x 10*. These Debye

K, and is substantially shorter thahe over much of this
temperature interval. Far-alanine,T1, ~ T1 between about

temperatures are about a factor of 2 larger and the coefficients
are about the same as for nitroxyl radicals in glassy solvénts.

153 and 295 K (Figure 9). Between about 100 and 150 K, the The weaker temperature dependence&;gfor the glycylglycine
rate of rotation of the methyl group in the radical is comparable radical below 20 K and for irradiatedalanine below 30 K is
to the proton hyperfine coupling, which moves magnetization attributed to the direct process or another process with similar

between positions in the CW spectrum for irradiatealanine.

temperature dependence involving electrefectron interac-

The effects of this process on the relaxation curves are difficult tion.! The contribution from this process is larger for the

to distinguish fromTy,. The effects of shoff;, on the CW-SR
curves could be mitigated with pump times longer thap

irradiated L-alanine with 1.3x 10" spin/cn? than for the
glycylglycine radical sample with 7.2 10 spin/cn?.

The glycylglycine radical has been suggested as a standard for The distinctive temperature dependencd gffor irradiated
measuring microwaveB; at the sample using CW power | _glanine between about 100 and 250 K and for the 4-Me-2,6-
saturatiorf® This study foundTiT2)*2=1.3x 10 6sat 77K t-Bu-phenoxy radical between 12 and 100 K is attributed to
and 4.0x 10" s at 295 K. For small turning angles spiacho rotation of the unique methyl group in each radical. A
measurement givdy ~ 0.3 x 107° s for the glycylglycine  characteristic of the contributions from these processes is the
radical at 295 K, sd, = 0.3 x 106 s. This value ofT,, and dependence ofTie On microwave frequency (eq l) The
Tie=53 x 10°®s at 295 K, givesTuT2)*? > 4 x 1076 The temperature dependence Tt for these samples was modeled
much longer values of the relaxation times obtained by the pulseto determine the activation energy for the rotation. For irradiated
techniques than by CW saturation suggest that the CW measurer -alanine an additional dynamic process dominatesit higher
ments were strongly impacted by spectral diffusion processes.temperatures, which is attributed to rotation of one or more
Rapid cross relaxation (shoFg;) was observed for irradiated  neighboring methyl groups in the latti8&The weaker couplings
L-alanine above about 220 K and for 4-Me-2;Bu-phenoxide to methyls of theert-butyl groups in 2,4,6-Bu-phenoxide and
radical between 77 and 125 K. For these samples, at temperin 4-Me-2,61-Bu-phenoxide have smaller impacts dne
atures for whichly; < Ty the data suggest that even with long (Figures 3 and 10) than the methyl groups with coupling
pump times, the time constants obtained by CW-SR are shorterconstants of 11 and 25 G in 4-Me-2Bu-phenoxide and
thanTic obtained by ELDOR. It has previously been noted that irradiated L-alanine, respectively (Figures 10 and 7). The
when there is efficient cross-relaxation, increasing SR pulse magnitude of the effects of the weakly coupled methyl groups
lengths may give a limiting relaxation time that still includes on Ty in the phenoxy radicals is similar to the effects of the
contributions from botfT; andT,.3881Efficient cross relaxation ~ methyl groups in nitroxyl radical$
in irradiatedL-alanine has been attributed to methyl groups
rotating at frequencies near the Larmor frequetéy:”* For
irradiatedL-alanine, the shorte3t; and the maximum ELDOR
enhancement occur at about 2707 which is higher than In the absence of rapid spectral diffusion processes, inversion
the temperature for the maximum effect of the methyl groups recovery, ED-SR, CW-SR, and ELDOR experiments gave
on T1e and suggests that lattice methyl groups may contribute comparable values dfie. The longer pump times in the CW-
to the cross relaxation. The activation energy for rotation of SR experiments are more effective in minimizing the effects of
lattice methyl groups is higher than for the methyl groups in spectral diffusion than the shorter pump times used in the ED-
the radical, so the lattice methyls enhantg at higher SR or inversion recovery experiments. However, even with long
temperatures than do themethyl groups in the radical. pump times, CW-SR experiments gave shorter time constants
The rate of rotation of the-methyl group has dramatic effects ~ than theT,e obtained by ELDOR experiments when there was
on Spin—echo dephasing (I‘,‘) and transition energies for most rapid cross-relaxation. ELDOR experiments permittEd charac-
of the EPR transitions for the-alanine radical, but does not terization of the spectral diffusion process&s,(@ndTx) that
impact the transitions with the unpaired electron coupled to the Move magnetization between resolved hyperfine lines. Rapid
(++++) or (— — — —) combination of proton nuclear spin ~ cross-relaxation was observed in samples with dipolar coupling
states (|ines 1 and 5 in Figure 1C) Howeveﬂ'nljor these to methyl groups rotating at rates comparable to the electron
lines is temperature dependent above 77 K, characteristic ofLarmor frequency.
the effects of a dynamic process, which is attributed to averaging The contributions tdl';e from the Raman process and local
of weak dipolar couplings by rotation of lattice methyl groups modes can be distinguished from thermally activated methyl
at rates in the MHz range. These couplings are too small to begroup rotation by comparison of relaxation times at S-band and
resolved relative to the-4 G widths of the partially resolved ~ X-band. Rotation ofert-butyl methyl groups, which have small
splittings of the proton hyperfine lines, so these dynamic effects couplings to the unpaired electron, have smaller effects on the
have negligible effect on the CW line shapes. For barriers to relaxation than more strongly coupled methyl groups and these
rotation of the order of 1500 K, a relatively small change in effects would be difficult to distinguish from a local vibrational
temperature can cause the rate of rotation to go from the MHz mode if only X-band data had been considered. The activation
to GHz range, so it is plausible that the lattice methyl groups energies for methyl rotation were determined by analysis of the
that impactT,, above 77 K cause shof; above 200 K. temperature dependence B

Processes that Contribute to Spin-Lattice RelaxationThe
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programmable timing unit for the pulse sequences used in these and j. Ps is the population of the spin diffusion bath. For

experiments.

Appendix

Simultaneous equations that define the time dependence of dt

the populations of the 8 energy levels drawn in Figure 2A.

dn,
i

Wy = N = (1 = NT = Wit =Ny — 55 =~ N

—WJ(n, = Ny — (n, = Np)] = Wy(ny — ng) —

dn,

dt
Wl = N = (15 = N9 = Wi, = ) = 3 = N

= FW(n; = Ny = (n; = N)] = Wy(n, — ny) —

dn,
- —W(ng — N3) — (n; — Ng)] — Wy(ng —ny) —

Wel(ns = N9 = (n, = N] = W, = No) = 5, = N
% = FW(n3 = Ng) — (ny — NI — Wy(n, — ny) —
Wi, = N = (1, = N = Wit = N9 — 50— Ny

|

dns
L
Wi = N9 = (1 = Nl + Wit = Ny) = 5 — N

—Wl(ns = Ng) — (ng — Ng)] — Wy(ns —ny) —

6_

dt
Wi,[(ng — Ng) — (N, — No)] + Ws[(nz =Ny — Fl,(ne - Ne)]

FW(ns = Ng) — (ng — Ng)] — Wy (ng — ng) —

dn,
o (ng = Ng)] — Wy(n; — ng) —

Wel(; = N = (g = N] + W, = N = 5, = N

—Wl(n; = Np) —

—8_

dt
Wi = N9 = (s = N9l + Wi, = N9 = 5~ Np)

FWl(n; = N7) = (ng = Ng)] — Wyy(ng — ng) —

where
We= 2T1e, W 2Tln, W 2T><1,
_ 1. _ 1
W = 2T, We 2T,

andn; is the instantaneous population of energy leveNiijs
the equilibrium population of energy level i; aRds the relative
population of the spin diffusion bath.

To expand the model to include 8 energy levels and 8
corresponding spin baths (the energy level scheme schown in
Figure 2B), the following parameters are addd®}:with j =
A,B,C,D represents the relative intensity of the 4 hyperfine lines;
fij with ij = AB, BC, or CD, represents the number of possible
combinations of spin flips that could interconvert hyperfine lines

exampledn;/dt becomes

(N, — Ny _ (N, =Ny _
Pa Pa

(n, — Ny _ (n; — Ny
Pa Pg

(n,—Np)  (ng— Ny
lefAB[ 1PA v 4pB 4]_
n — N, Ny — Ng
{50
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