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Abstract

Electron spin relaxation times obtained by two-pulse spin-echo and Carr–Purcell–Meiboom–Gill (CPMG) experiments were

compared for samples with: (i) low concentrations of nuclear spins, (ii) higher concentrations of nuclear spins and low concen-

trations of unpaired electrons, (iii) higher concentrations of nuclear spins and of electron spins, and (iv) dynamic averaging of

inequivalent hyperfine couplings on the EPR timescale. In each case, the CPMG time constant decreased as the time between the

refocusing pulses increased. For the samples with low concentrations of nuclear spins (the E0 center in irradiated amorphous SiO2)

the limiting value of the CPMG time constant at short interpulse spacings was similar to the Tm obtained by two-pulse spin echo at

small turning angle. For the other samples, the time constants obtained by CPMG at short interpulse spacings were systematically

longer than Tm obtained by two-pulse spin echo. For most of the samples, the CPMG time constant decreased with increasing

electron spin concentration, which is consistent with the expectation that the CPMG sequence does not refocus dephasing due to

electron–electron dipolar interaction between resonant spins. Dynamic processes that average inequivalent hyperfine couplings

contributed less to the CPMG time constant than to the spin-echo decay time constant. The impact of nuclear echo envelope

modulation on CPMG time constants also was examined. For a Nycomed trityl radical in glassy D2O:glycerol-d8 solution,

the CPMG time constant was up to 20 times longer when the time between pulses was approximately equal to integer multiples

of the reciprocal of the deuterium Larmor frequency than when the time between pulses was an odd multiple of half the reciprocal of

the deuterium Larmor frequency.

� 2003 Elsevier Science (USA). All rights reserved.
1. Introduction

The Carr–Purcell–Meiboom–Gill (CPMG) pulse se-

quence (90x�–(s) 180y�) sÞn–echo, Fig. 1b) has been
widely used in NMR [1–8], but there have been only a

few reports of its applications in EPR [9–14]. This pulse

sequence refocuses the contributions from time-inde-

pendent processes that are described in the spin Ham-

iltonian by terms that are linear in electron spin,

including magnetic field inhomogeneity and heteronu-

clear interactions [4]. Dipolar interaction between a

resonant electron spin and a non-resonant electron spin
is analogous to a heteronuclear interaction and is refo-

cused [4]. Although the CPMG pulse sequence does not

refocus the effects of time-dependent processes that oc-

cur on the timescale of the experiment, the impact of
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these processes can be minimized if the time between

refocusing pulses, 2s, is short compared with the time

constant for the process. The CPMG sequence does not

refocus the contributions from processes that are de-
scribed in the Hamiltonian by terms that are quadratic

in electron spin. These quadratic terms include dipolar

interaction between resonant spins [4], so CPMG is a

powerful NMR technique for examining homonuclear

dipolar coupling [5,6], even in solids. Heteronuclear

NMR CPMG spin relaxation methods are important

tools in characterizing dynamic processes in proteins [7].

In an ideal CPMG experiment, pulses are exactly p/2 or
p. However, in most experiments B1 is not large enough

to excite all of the spins in broad EPR spectra. Spins

that are slightly off resonance, but still excited, are

turned by smaller angles than the spins that are exactly

on resonance, which contributes to enhanced CPMG

dephasing rates [12]. Enhanced rates of dephasing also

are encountered when NMR CPMG experiments are
erved.
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performed in solids or inhomogeneous magnetic fields
[15].

Although contributions to two-pulse electron spin-

echo decays from instantaneous diffusion, nuclear spin

diffusion, and dynamic processes have been character-

ized in a few cases [16–21], the contributions of these

processes to EPR CPMG decay curves have not been

described previously. In this report we compare two-

pulse spin-echo and CPMG time constants for samples
for which spin–lattice relaxation and spin diffusion

processes have been characterized previously by long-

pulse saturation recovery, inversion recovery, and

pulsed ELDOR [22,23]. The samples have a substantial

range of nuclear spin concentrations and electron spin

concentrations and some have dynamic processes that

are occurring on the EPR timescale. Two-pulse spin-

echo and CPMG time constants also are compared for a
sample with deuterium echo envelope modulation.

Instantaneous diffusion occurs when the spin flips

caused by the 90� pulse change the magnetic field at a

neighboring spin enough to remove an excited spin from

the set of spins that can be refocused by the 180� pulse
[24,25]. Instantaneous diffusion tends to dominate elec-

tron spin-echo dephasing when other contributions are

small, such as when nuclear spin concentrations are low,
and when there are no thermally activated processes

occurring at rates comparable to inequivalent hyperfine

interactions. The effects of instantaneous diffusion can

be decreased by (a) reducing the radical concentration,

(b) changing the field (frequency) position of the exci-

tation pulse so that fewer spins are excited, and (c) de-

creasing the pulse turning angle by reducing the pulse

length or reducing B1 [24,25].
A flip of a nuclear spin in the vicinity of the unpaired

electron changes the local magnetic field at the electron,

which changes the precessional frequency. Increasing

frequency of nuclear spin flips causes faster echo de-

phasing and shorter Tm. The importance of nuclear spin

diffusion in NMR [26–28] and EPR [16–18,29] has been

described. Nuclear spin diffusion dominates electron

spin phase memory times when the concentration of
nuclear spins in the environment of the unpaired elec-

tron is high [17,30–32] and/or other contributions are

small. Nuclear spin diffusion is an important relaxation

process for radicals in irradiated organic solids, because

there are many protons in the environment of the un-

paired electron.

Spin-echo, continuous wave (CW), and electron-nu-

clear double resonance (ENDOR) measurements are
sensitive to molecular motions occurring at a rate

comparable to the inequivalences in hyperfine splittings

that are averaged by the motion [19–21,29,33–36]. CW

and ENDOR line shapes change if the couplings that are

averaged by the rotation are significant relative to the

linewidths. Spin-echo measurements can detect pro-

cesses that average inequivalent couplings that are too
small to detect by CW-EPR. For radicals that contain a
strongly coupled methyl group that is rotating at a fre-

quency comparable to inequivalences in hyperfine

splittings, Tm may become so short that a spin echo is

not observed. Thermally activated processes generate a

distinctive temperature dependence of Tm in the tem-

perature range in which the rate is comparable to in-

equivalences that are averaged by the motion, so these

processes are readily distinguished from other relaxation
processes [16,19–21].
2. Experimental

2.1. Samples

Polycrystalline organic solids were irradiated at
room temperature (20 �C) with 60Co c-radiation to a

dose of approximately 2.3, 6, or 20mrad. Several types

of vitreous SiO2 (approximately 2mm o.d. by 10mm

long cylinders) were irradiated to about 5.8 or 24mrad

with 60Co c-rays. One SiO2 sample was irradiated with

residual radiation from a nuclear reactor, with a dose

that was calibrated to be equivalent to a 60Co dose of

about 0.9mrad. After irradiation, samples were stored
in air at room temperature. Local spin concentrations

for the SiO2 samples were determined by instantaneous

diffusion [25,37]. Spin concentrations for the organic

solids were determined by comparison of double-inte-

grated first-derivative CW spectra with spectra for a

0.53mM solution of 2,2,6,6-tetramethyl-piperidinyl-1-

oxy (Aldrich Chemical, Milwaukee, WI) in toluene.

For these polycrystalline samples, spin concentrations
were calculated as spins/cm3, where the volume refers

to the loosely packed irregular solid. The packing ef-

ficiency for the irradiated solids is about 0.6 cm3 of

solid per 1 cm3 of space in the EPR tube [22], so spin

concentrations per cm3 of solid are about 1.6 times

higher than the values calculated by comparison with

the fluid solution standard. Except for the plot in

Fig. 8, spin concentrations in this report are given per
cm3 of space in the EPR tube. Experiments were per-

formed weeks to months, or longer, after irradiation,

and no significant radical degradation as a function of

time was observed.

2.2. Spectroscopy

The spin-echo and CPMG pulse sequences are shown
in Fig. 1. Data were acquired at X-band on a locally

built spectrometer equipped with a 20W continuous

wave TWT, a modified Varian TE102 cavity resonator,

and a quartz dewar insert [38]. The resonator was over-

coupled to Q � 120–150. The length of a 90 � pulse

range ranged from 50 to 65 ns, depending on the degree

of resonator over-coupling. In the system that was used



Fig. 1. (a) Two-pulse spin-echo sequence. (b) Carr–Purcell–Meiboom–

Gill (CPMG) pulse sequence. The figure was adapted from [56].
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for these experiments s could be stepped in increments

of 1 ns, which permitted measurement of Tm values as

short as about 100 ns. The hardware/software for these

experiments was limited to 256 CPMG refocusing pul-

ses, with a minimum time between pulses of 64 ns, which
restricted the CPMG measurements to time constants

longer than about 600 ns. For variable temperature ex-

periments the samples were cooled by nitrogen gas

flowing through a coil immersed in liquid nitrogen. A

single exponential was fitted to each decay curve using a

Levenberg–Marquardt algorithm. For the CPMG ex-

periments with short interpulse spacings, and for elec-

tron spin decays without echo modulation, a single
exponential gave a good fit to the data, and the uncer-

tainty in the time constants was about 10%. As the in-

terpulse spacings were increased, or for samples that

exhibit electron spin-echo modulation, a single expo-

nential did not fit well to some of the decays, so the

parameters from the single exponential fits were used

primarily for comparison of experiments. The following

notation is used: Tm is the spin-echo dephasing time
constant and T2 is the contribution to dephasing from

electron–electron dipolar interaction.
Table 1

Irradiated vitreous SiO2 samples

Sample Radiation dose

(mrad)

Local spin concentrati

(spins/cm3)

1 0.9 1.2� 1016

2 5.8 1.3� 1017

3 24 2.4� 1017

4 5.8 2.9� 1017

5 24 3.6� 1017

6 24 4.9� 1017

a Local spin concentration calculated from instantaneous diffusion, meas
bValue of Tm measured by two-pulse spin echo, extrapolated to small tu
cValue at 77K is 830ls.
3. Results

3.1. Samples with few nuclear spins

In vitreous SiO2 there are few nuclear spins (29Si is

4.7% abundant) and spin-echo decays for the E0 center
in irradiated SiO2 are strongly impacted by instanta-

neous diffusion [25]. Spin-echo and CPMG experiments

were performed for the E0 centers in six irradiated SiO2

samples with local spin concentrations ranging from

1.2� 1016 to 4.9� 1017 spins/cm3 (Table 1). The differ-

ences in spin concentrations for different samples irra-

diated to the same dose reflect the dependence of radical

formation on the characteristics of the SiO2 [39,40].

Spin-echo values of Tm were determined by extrapola-

tion of 1/Tm to small turning angle [25]. For each of the

samples, as the time between refocusing pulses was in-
creased, the CPMG decay time constant decreased

(Fig. 2). Some of the dependence on interpulse spacing is

attributed to effective turning angles less than 180� for

spins that are slightly off-resonance. The dependence of

the CPMG time constant on interpulse spacing in-

creased as the spin concentration increased, which is

attributed to a contribution from electron–electron di-

polar coupling that is not refocused by the CPMG ex-
periment [4]. Extrapolation to negligible time between

refocusing pulses gave CPMG time constants that are

within a factor of 2 of the spin-echo time constants at

small turning angle [37]. The shorter values of Tm than

of the CPMG decay constants, particularly for the

samples with the longest values of Tm (Table 1), may

reflect the difficulty of mitigating the effects of instan-

taneous diffusion on the spin-echo decays. For sample
#1 the room temperature value of Tm is impacted by T1,

which is 200 ls [37]. When sample #1 was cooled to

77K, T1 was much longer than Tm, and a CPMG time

constant of 830 ls was obtained. Except when driven by

T1 or in temperature intervals where a thermally acti-

vated process averages inequivalent nuclear environ-

ments on the EPR timescale, Tm is independent of

temperature [16–18], so the low-temperature value of Tm
for sample #1 is used in the ensuing comparisons of the

values for the irradiated SiO2 samples. As discussed
ona Tmb (ESE) (ls),
at 20 �C

CPMG time constant (ls),
at 20 �C

120c 200

58 110

44 55

40 50

35 40

31 30

ured by the dependence of Tm on pulse turning angle [37].

rning angle.



Fig. 2. Room temperature CPMG time constants as a function of the

time between the refocusing pulses: (þ) Irradiated SiO2 sample 1, (m)

irradiated SiO2 sample 2, (r) irradiated SiO2 sample 3, and (d) irra-

diated malonic acid [2.3mrad dose, 8.8� 1017 spins/cm3]. The lines

connect the data points.
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below, Tm and the CPMG time constants for the irra-

diated SiO2 samples decreased as the spin concentration

increased (Table 1), consistent with domination of the
dephasing by dipolar interaction between the unpaired

electrons.

The dephasing time constants for the E0 signals show
that for samples with low nuclear spin concentration

and negligible effects from thermally activated processes,

the electron–electron dipolar T2 can be obtained by ei-

ther two-pulse spin echo at small turning angle or by

CPMG with short interpulse spacings. In the following
paragraphs, data are discussed for samples with sub-

stantial nuclear spin concentrations and/or thermally

activated processes. To minimize the effects of instan-

taneous diffusion on these comparisons, two-pulse spin-

echo data were obtained with small turning angles.

CPMG time constants were measured with times be-

tween the re-focusing pulses of 340–540 ns. Shorter in-

terpulse spacings were used for the samples with shorter
two-pulse echo decay times.

3.2. Samples with higher concentrations of nuclear spins

Values of the decay constants obtained by spin echo

or CPMG for samples of malonic acid (Table 2) irra-

diated at about 2.3mrad (8.8� 1017 spins/cm3) or

24mrad (2.7� 1018 spins/cm3) were indistinguishable,
within experimental uncertainty, and were independent

of temperature between about 77 and 160K (Fig. 3),

which is consistent with domination of the echo de-

phasing by proton spin diffusion [16–18], and not elec-

tron–electron dipolar interaction. The CPMG time

constant decreased with increasing interpulse spacing

(Fig. 2), which is attributed to turning angles less than
180� for some off-resonance spins. The comparisons in
Fig. 3 are based on values obtained at short interpulse

spacings. The longer time constants obtained by CPMG

than by two-pulse spin echo indicate that the CPMG

decays have a smaller contribution from nuclear spin

diffusion than do the spin-echo decays (see Table 2).

3.3. Samples with higher nuclear spin and electron spin

concentrations

Values of the spin-echo and CPMG time constants

for irradiated glycylglycine (Table 2) were substantially

longer for a sample irradiated at a dose of 2.3mrad

(3.6� 1018 spins/cm3) than for a sample irradiated at

24mrad (2.1� 1019 spins/cm3) (Fig. 3), which indicates

that electron–electron dipolar interaction made a sub-

stantial contribution to echo dephasing at these radical
concentrations. For both doses, the CPMG time con-

stants were longer than Tm, which indicates that the

CPMG sequence decreased the impact of processes that

made substantial contributions to the spin-echo time

constants.

3.4. Samples with thermally activated processes that

average inequivalent hyperfine interactions

In temperature intervals where the rate of a process

is comparable to the inequivalence in the hyperfine

couplings that are averaged, the CW spectrum is

broadened and Tm is decreased [41]. Since these pro-

cesses can cause Tm to become very short, it is of par-

ticular interest to see how these processes impact the

CPMG decays.
Above about 160K, the time constants obtained by

two-pulse spin echo or CPMG for irradiated malonic

acid and glycylglycine decreased (Fig. 3), which is at-

tributed to physical motions that average protons with

inequivalent couplings to the unpaired electron. For

glycylglycine the effects of the dynamic process, which is

easily observed for the sample with low electron spin

concentration, are masked by the strong electron–elec-
tron dipole interactions in the sample with the highest

electron spin concentration studied (Fig. 3). These rad-

icals do not contain methyl groups, so it is proposed that

the process that affects the dephasing for both radicals

above 160K involves hydrogen bonding [23]. Above

160K, the time constants observed in the CPMG ex-

periments were longer than in the two-pulse spin-echo

experiments, which suggest that the refocusing pulses
eliminate some of the effects of the thermally activated

process.

3.4.1. Effect of methyl rotation on dephasing for irradi-

ated LL-alanine

For the radical in irradiated LL-alanine (Table 2) the

barrier to rotation of the strongly coupled a-methyl



Table 2

EPR parameters for samples studied

Radical Host Spectral parameters at room temperaturea Prior in mation concerning spin system

E0 center Vitreous SiO2 g Anisotropy gives spectral extent of about 4G at

X-band

Most o ectrum excited by B1

Malonic acid Two resolved hyperfine bands, AH � 23G, l.w.� 8G Spectra iffusion makes little contribution to inversion

recover easurements at 20 �C [23]

Glycylglycine Two resolved hyperfine bands, AH � 19G, l.w.� 15G Rapid s ctral diffusion within and between the hyperfine

lines at �C [22]

LL-alanine Five resolved hyperfine bands, AH�25G, l.w.� 12G Rotatio f methyl group is fast on EPR timescale and there

is rapid oss-relaxation at 20 �C [22]

4-methyl-2,6-t-butyl phenol Four resolved hyperfine bands, AH � 11G, l.w.� 11G Rotatio f 4-methyl group is much faster than 9GHz at

20 �C. S ctral diffusion makes little contribution to inver-

sion rec ery curves at RT [22]

2,4,6-tri-t-butyl phenol Hyperfine splitting is unresolved, l.w. � 14G Spectra ffusion makes negligible contribution to inversion

recover urves at 20 �C [22]

R ¼ CD3 Water Single inhomogeneously broadened line

with l.w.� 48mG

There is ho envelope modulation from the CD3 deuterons

at 77 an 90K

aLinewidths are full-width at half maximum.
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Fig. 4. X-band field-swept echo-detected spectra for LL-alanine

(5.7mrad, 1.1� 1019 spins/cm3) as a function of temperature. The time

between pulses was 192 ns and the length of the 90� pulse was 30 ns.

The spectra were scaled to approximately constant amplitude. The

labeling at the top of the figure shows the combinations of the proton

spin states, neglecting anisotropy, for the a-H and (in parentheses) for

the three methyl protons that correspond to each of the five hyperfine

lines.

Fig. 3. Temperature dependence of 1/Tm for irradiated: (j) glycylgly-

cine (24mrad dose, 2.1� 1019 spins/cm3), (m) glycylglycine (2.3mrad,

3.6� 1018 spins/cm3), (d) malonic acid (24mrad dose, 2.7� 1018 spins/

cm3), and (.) malonic acid (2.3mrad, 8.8� 1017 spins/cm3). Temper-

ature dependence of CPMG time constants for: (�) glycylglycine

(24mrad dose, 2.1� 1019 spins/cm3), (n) glycylglycine (2.3mrad,

3.6� 1018 spins/cm3), (s) malonic acid (24mrad dose, 2.7� 1018 spins/

cm3), and (,) malonic acid (2.3mrad, 8.8� 1017 spins/cm3). The lines

connect the data points.
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group is about 15 kJ [42–45]. At constant inter-pulse

spacing, the relative intensity of the echo decreases as Tm
decreases. For the radical in irradiated LL-alanine, field-

swept echo-detected spectra at selected temperatures,

obtained with s ¼ 192 ns, are shown in Fig. 4. At 295K,

the ratios of the amplitudes of hyperfine lines in the

echo-detected spectrum are about 1:4:5:4:1, which is
close to the intensity ratios (1:4:6:4:1) that are observed

in the CW absorption spectrum at 293K [46]. The ap-

proach of the relative intensities in the echo-detected

spectrum to those in the CW spectrum is consistent with

the observation that Tm is similar for all of the transi-

tions at room temperature.

As the temperature is decreased, the ratios of the

amplitudes of the hyperfine lines in the echo-detected
spectra change dramatically. Between 213 and 123K the

amplitude of the center-line is very small and the four

other hyperfine lines have about equal amplitudes.

The discrepancy at low temperature between the ob-

served relative amplitudes and the approximately

1:4:5:4:1 ratio observed at higher temperatures indicates

that between 213 and 123K Tm is much shorter for some

transitions than for others. The differences in the tem-
perature dependence of the echo-detected intensities for

the five hyperfine lines can be explained by the effects of

methyl rotation. The rate of reorientation of the a-me-

thyl group is slow relative to the inequivalences in the

hyperfine couplings to the three methyl protons at 77K
and fast at 273K. The anisotropy of the proton hyper-

fine couplings is relatively small, so the lines in the

spectrum can be identified with combinations of proton

spin states as shown in Fig. 4. The EPR transitions for

the electron spin coupled to methyl proton spin states

[(++)), (+)+), and ()++)] or [())+), ()+)), and (+)))]
are dependent on the methyl group rotation rate due to
averaging of inequivalent environments. However, the

transitions for the electron spin coupled to the (+++)

and ()))) methyl proton spin states are independent of

the rate of rotation. Coupling to the a-proton splits each

of the four lines from the methyl spin states into two

[46]. The EPR lines with couplings to the [(++)), (+)+),
and ()++)] or [())+), ()+)), and (+)))] proton spin

states have shorter Tm at temperatures where the methyl
rotation frequency is comparable to inequivalences in

the hyperfine couplings (between about 123 and 213K)

and therefore the relative intensities of these lines are
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reduced in the echo-detected spectrum. The EPR lines
with couplings to the (+++) and ()))) proton spin

states have longer Tm, and thus dominate the field-swept

echo-detected spectra in the intermediate exchange re-

gion. The lines with couplings to proton spin state that

are independent of methyl rotation rate contribute to

the 5-line spectrum with intensities 1:1:0:1:1, as observed

experimentally (Fig. 4). At low temperature, where the

methyl protons are inequivalent on the EPR timescale,
the couplings to the three protons are 5, 28, and 44G

[46]. Calculations based on the activation energy for

rotation of the a-methyl group of the LL-alanine radical

[47] indicate that averaging of the large inequivalences in

the hyperfine couplings would cause Tm to be less

than 100 ns between about 110 and 210K. This is

approximately the temperature range in which the

rotation-dependent lines make little contribution to the
echo-detected spectra (Fig. 4).

Although Tm for the hyperfine lines that arise only

from the (+++) or ()))) spin states of the a-methyl

protons (the highest- and lowest-field hyperfine lines in

Fig. 4) are not impacted by a-methyl rotation, spin-echo

and CPMG time constants for these lines are tempera-

ture dependent (Fig. 5, data shown only for the highest-

field line). This temperature dependence is attributed to
rotation of lattice methyl groups at rates comparable to

the anisotropy in their small dipolar couplings to the

unpaired electron. In the spin-echo data there are local

maxima in 1/Tm at about 125 and 200K (Fig. 5), which

may be due to the effects of unique types of lattice

methyls. These local maxima are less evident in the
Fig. 5. Temperature dependence of time constants obtained for the

highest-field hyperfine line in the spectrum of irradiated LL-alanine for:

(r) two-pulse spin echo, 20mrad dose; (.) two-pulse spin echo,

5.7mrad dose; (}) CPMG, 20mrad dose; and (,) CPMG, 5.7mrad

dose. The lines connect the data points.
CPMG data. The CPMG and spin-echo decay time
constants for the sample with 20mrad dose are shorter

than for the sample with 5.7mrad dose, which indicates

that electron–electron dipolar interaction contributes

more to the dephasing at the higher radiation dose

(Fig. 5).
3.4.2. Effect of methyl rotation on dephasing for

c-irradiated 4-methyl 2,6-di-t-butyl phenol and 2,4,6-tri-

t-butyl phenol

Fig. 6 shows the spin-echo and CPMG time constants

for c-irradiated 4-methyl 2,6-di-t-butyl phenol and

2,4,6-tri-t-butyl phenol (Table 2). In the temperature

range examined, the 4-methyl group in the 4-methyl 2,6-

di-t-butyl phenoxy radical rotates at a rate much faster

than the inequivalences in the hyperfine splittings [48].

The temperature dependence of the spin-echo and
CPMG rate constants between 77 and 295K is attrib-

uted to t-butyl methyl groups rotating at rates compa-

rable to inequivalences in their hyperfine splitting (�a

few MHz). These couplings are too small to be resolved

in the CW-EPR spectra. For the 4-methyl 2,6-di-t-butyl

phenoxy radical, maxima in the dephasing rates were

observed at two temperatures (�110 and 220K) sug-

gesting that the t-butyl groups have distinctly different
hyperfine couplings and/or the activation energies for

individual methyl groups are different. NMR studies of

unirradiated 4-methyl 2,6-di-t-butyl phenol found

inequivalent rotation barriers for the methyls within the

t-butyl groups [49,50]. For the 2,4,6 tri-t-butyl phenoxy
Fig. 6. Temperature dependence of time constants obtained for

4-methyl-2,6-di-t-butyl phenoxy radicals (2� 1018 spins/cm3) by (r)

two-pulse spin echo or (}) CPMG; and for 2,4,6-tri-t-butyl phenoxy

radicals (3� 1017 spins/cm3) by (.) two-pulse spin echo or (,) CPMG.

The lines connect the data points.
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radical the effects of methyl rotation are observed be-
tween 77 and 295K with a maximum in the spin-echo

rate at about 130K (Fig. 6). CPMG time constants were

not measured between 93 and 153K because the decays

were too fast to obtain enough CPMG data points to

define a curve with our present hardware. The obser-

vation of a single broad maximum in 1/Tm indicates that

the differences in barriers to rotation for different types

of methyls are smaller for the 2,4,6 tri-t-butyl phenoxy
radical than for the 4-methyl analog, which is consistent

with previous studies [22].

For these two samples, in the temperature region

examined, the similarity in the temperature dependence

of Tm and the CPMG time constants indicate that the

time constants from both experiments are dominated by

methyl rotation.

3.5. Effects of electron spin-echo envelope modulation on

CPMG decay curves

A distinctly different behavior of the CPMG time

constant as a function of the time between refocusing

pulses was observed for the Nycomed sym-trityl radical

[51] (see Table 2) dissolved in deuterated solvents

(Fig. 7). For this sample, the CPMG time constant
varied sinusoidally with pulse timing. The time between

the peaks in Fig. 7 is about 470 ns, which is equal to the

reciprocal of the deuterium Larmor frequency at X-

band. The times between the refocusing pulses for which

the longest CPMG time constants were obtained cor-

respond to peaks in the modulation of the spin-echo

decay, while the shortest time constants correspond to
Fig. 7. CPMG time constants for 0.2mM Nycomed trityl radical in 1:1

D2O:glycerol-d8 as a function of time between the refocusing pulses at

(m) 77K and (r) 99K. A spin-echo decay curve at 40K is displayed in

the inset to show the echo envelope modulation that is observed for

this sample. The lines connect the data points.
minima in the spin-echo decay (see Fig. 7, inset). The
longest decay time, which presumably is the closest to

the electron–electron dipolar T2, is obtained when the

refocusing pulses occur at the maxima in the nuclear

modulation cycles. When the timing of the CPMG re-

focusing pulses is synchronized with the modulation, the

maximum magnetization is available for refocusing. At

99K, the time constants at the local maxima for the data

in Fig. 7 decreased from about 400 ls to about 40 ls as
the spacing between pulses was increased from about

500 ns to about 3700 ns, which demonstrate the effects of

other processes in addition to the nuclear modulation.
4. Discussion

4.1. What information can be obtained from CPMG or

two-pulse spin-echo time constants?

For each of the irradiated solids studied, the CPMG

time constant obtained with short interpulse spacing was

longer than Tm, which indicates that the CPMG experi-

ment decreases the contribution to dephasing from some

processes. Since nuclear spin diffusion has greater impact

on the spin-echo decays than on CPMG decays,
spin echo is the preferred method for characterizing nu-

clear spin diffusion. Equations have been derived to re-

late the temperature dependence of Tm in a two-pulse

experiment to the activation energy and magnitude of the

inequivalence that is averaged [41]. Before a comparable

analysis could be applied to CPMG data, it will be nec-

essary to derive analogous expressions that account for

the CPMG refocusing in partially excited spin systems.
In a CPMG experiment, when the time between

pulses (tcp) is much shorter than the dephasing time

constant, a spin lock condition can be achieved and the

CPMG time constant approaches T1q [52]. This condi-

tion also requires tcpD � 1, where D is the offset from

resonance, which may be satisfied in some of the ex-

periments reported here for the on-resonance spins and

for some spins near resonance.
Bloch [53] proposed that the time constant for re-

laxation in the transverse plane, T2, could be estimated

from the dipolar field as T2 � r3=cl, where l is the

magnetic moment of the neighboring spins. Bloember-

gen et al. [54] cited this expression as

T2 �
�hr3

l2
ð1Þ

making the substitution c ¼ l=S�h, but omitting the

factor of S. When random occupancy of sites in the

lattice is considered, the coefficients in Eq. (1) change,

but a linear decrease of T2 with increasing spin con-

centration is still expected [55–57]. The more difficult
issue of how to account for the decreased probability

of mutual spin flips due to differences in resonance
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frequencies because of g and A anisotropy and dipolar
interaction of the electron spin with nuclear spins has

not been analyzed. In the present study we compare

experimental values of decay time constants obtained by

CPMG with the magnitude for T2 predicted by Eq. (1).

Comparison of experimental decay constants with the

expected dependence of the dipolar interaction on spin

concentration is an indication of the extent to which

electron–electron dipolar interaction contributes to the
observed time constants.

Fig. 8 shows the time constants obtained by CPMG

in this study, plotted as a function of total electron spin

concentration, for several different samples in tempera-

ture intervals in which the dephasing was not dominated

by a thermally activated process. The solid line was

calculated using Eq. (1) and agrees well with the ex-

perimental data for the E0 centers in the irradiated SiO2

samples, despite the fact that the expression was only an

order of magnitude estimate [53]. Although the dipolar

T2 for the E0 centers can also be obtained by two-pulse

spin echo with extrapolation to small turning angle [37],

the use of the CPMG sequence to measure decay times

for samples such as irradiated SiO2, can save acquisition

time relative to that which would be required in a spin-

echo experiment to signal average the weaker signals at
the very low powers required to extrapolate to small

turning angles.

Although the values of the CPMG time constants for

the irradiated solids generally follow the trend predicted

based on electron–electron dipolar interactions (calcu-

lated using Eq. (1)), there are several confounding

variables with respect to the experiment and to the pool
Fig. 8. CPMG time constants as a function of total electron spin

concentration for: (r) E0 center in irradiated amorphous SiO2, (+)

irradiated malonic acid, (d) irradiated glycylglycine, and (m) irradi-

ated LL-alanine. Time constants were measured at temperatures where a

thermally activated process does not contribute to dephasing. For the

irradiated organic solids the spin concentrations per cm3 volume in

the EPR tube were multiplied by 1.6 as an approximate correction for

the packing of the solid in the tube. The solid line was calculated using

Eq. (1).
of spins that contribute to the dipolar T2. The spin
concentrations that were used to calculate the line

shown in Fig. 8 are the total spin concentration for each

sample. For the E0 centers in irradiated SiO2 the mi-

crowave B1 is large enough to excite the full spectrum,

although the B1 is not uniform over the full extent of the

spectrum. For the broader spectra, B1 excites only a

fraction of the spins. For example, for the irradiated LL-

alanine sample the full spectral width is more than
100G, so a B1 of about 1.5G excites a small fraction of

the total spectrum. Dipolar coupling to off-resonance

spins should be at least partially refocused by the

CPMG sequence [3]. The differences in the resonance

frequencies for various spins within the sample may

limit the effective transfer of energy between spins that

characterizes T2, which would decrease the effective spin

concentration for the dipolar interaction. However a
compensating factor is that efficient spectral diffusion

processes may equilibrate magnetization with neigh-

boring spin packets [22]. Thus it is difficult to estimate

the fraction of the spins that contribute to the dipolar

interaction that defines T2. Also, although the CPMG

time constants for the irradiated malonic acid samples

fall above the calculated line in Fig. 8 (longer time

constant than predicted by the simple approximation of
Eq. (1)), the weak dependence on spin concentration

indicates that the dephasing is not dominated by elec-

tron–electron dipolar interaction. The observation of

longer values of T2 than predicted by the simple ap-

proximation may indicate that the effective spin con-

centration is lower than the bulk concentration because

many of the spins in the broad spectrum are not on

resonance.
5. Conclusion

For samples with narrow EPR signals and few nu-

clear spins, T2 due to electron–electron dipolar interac-

tion could be determined either by two-pulse spin echo

with extrapolation to small turning angle or by CPMG
with short interpulse spacing. For irradiated organic

solids the time constant obtained by CPMG tended to

decrease with increasing spin concentration, as expected

for electron–electron dipolar interaction. For radicals

with broad spectra, differences in resonant frequencies

may limit the number of spins that can exchange energy,

so the effective spin concentration for dipolar interaction

may be less than the total spin concentration.
The CPMG time constants that most closely ap-

proach the values determined by electron–electron di-

polar interaction are obtained when the time between

the refocusing pulses is as short as possible and when

measurements are performed in a temperature range

where dynamic processes do not contribute to the decay.

Time-dependent processes contribute more to the
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CPMG time constant as the time constant for the pro-
cess becomes short relative to the time between refo-

cusing pulses. These competing processes can be

recognized by measuring CPMG time constants as a

function of interpulse spacing and by measurements as a

function of temperature. For radicals that exhibit elec-

tron spin-echo modulation, the spacing between refo-

cusing pulses should be set to match the period of the

modulation.
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