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Careful studies are described of the ESR line shapes and saturation behavior for the peroxylamine 
disulfonate (PADS) radical dissolved in a range of glycerol-water mixtures. This permitted studies 
where the rotational correlation time TR ranged from 3 X 10- 12 sec to < 10-6 sec. The unsaturated 
line shapes for 10-10 < TR < 10-9 sec are, as in Paper I, readily interpreted in terms of anisotropic 
rotational diffusion, but for TR < 10-10 sec anomalous behavior of the linewidths, which could be 
attributed to the nonsecular spectral densities, occurs. Supporting experiments at 35 GHz, and also on 
170-labeled PADS, are in excellent agreement with values of TR and N = 4.7 (the ratio of the two 
components of the axially symmetric diffusion tensor), and they supply further information on the 
anomalous behavior of the nonsecular spectral densities. A phenomenological treatment based on the 
memory function approach was found to qualitatively reproduce some observed features. The saturation 
studies were performed over both the motional narrowing and slow-tumbling regions. The motional 
narrowing results could be analyzed in a straightforward manner to yield values of W,, the 
electron-spin flip rate, which are found to exhibit a weak dependence on TR, roughly as TR-(ll

4J for the 
glycerol solvents. The stochastic Liouville method is applied to an analysis of slow-tumbling saturated 
spectra and generally reasonable agreement with experiment is achieved for the simplifying assumptions 
utilized. The rotationally invariant W, obtained from the slow-tumbling analyses are found to agree 
with the values of W. extrapolated from the motional-narrowing region. Other aspects of the 
slow-tumbling saturation experiments and analysis are discussed. 

I. INTRODUCTION 

In Paper I of this work, 1 we reported on a care
ful study of the ESR line shapes of the free radical 
peroxylamine disulfonate (PADS) in liquid and fro
zen media. A primary objective of that work was to 
compare a careful set of experiments for the slow
motional region, where I JC 1 (t) IT R » 1 [here JC 1 (t) is 
the rotational-dependent perturbation in the spin
Hamiltonian and TR is the rotational correlation 
time], with the theory given in II2 based on the sto
chastic Liouville method. It was indeed found that 
generally very good agreement could be obtained 
and, perhaps more interesting, that the details of 
reorientational motion can be reflected in the ob
served experimental slow-tumbling spectra. In 
particular, our analysis gave strong evidence for 
the existence of anisotropic motion and also signifi
cant deviations from a Brownian motion model. It 
was also shown how experiments in the motional 
narrowing region are very useful in supporting and 
clarifying the slow-tumbling work, 

Another well-known source of relaxation informa
tion, hence molecular motion, is, in principle, 
available from saturation or T1 data. In fact, some 
saturation results on the aqueous PADS system 
where T1 ~ T2 have previously been reported, 3 How
ever, in more viscous systems, one expects, and 
finds, that T1 > T2 as different relaxation mecha
nisms manifest themselves. In particular, the re
sults in I show that the unsaturated line shapes are 
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dominated by rotational modulation of hyperfine and 
g tensors, while one might venture to guess that the . 
saturation behavior continues to reflect (after sig
nificant corrections are made for the other terms) 
the spin-rotational relaxation mechanism postulated 
for the aqueous medium where T1 ~ T2, 3 By slow
tumbling studies, one could effectively extend the 
range of temperatures and viscosities over which 
spin-rotational (and other electron spin-flip) mech
anisms could be studied, 

Two potentially important reasons for slow-tum
bling saturation studies are (1) perhaps studies of 
saturated line shapes could also emerge as effective 
probes of microscopic details of molecular reorien
tational motion as did the study of unsaturated line 
shapes and (2) perhaps such techniques could be 
useful in extending the range over which TR may be 
measured, to slower motions than possible by un
saturated studies, 4•5 This latter objective would be 
of considerable value for the study of nitroxide 
spin-label probes, Hyde et al, 6 demonstrated that 
the s_low-motional and polycrystalline spectra of 
flavin radicals have markedly different saturated 
line shapes, even though the unsaturated shapes 
were virtually superimposable, (More recent work 
by Hyde and Dalton7 has shown that the modulation 
frequency dependence of adiabatic rapid-passage ef
fects may well be an effective technique to estimate 
very long TR values, An understanding of this in
teresting technique properly requires an under
standing of saturation effects and spin relaxation in 
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slowly tumbling systems,) 

We have, therefore, undertaken a saturation 
study of the PADS systems which proved to be read
ily amenable to careful unsaturated work, Our ex
periments cover the motional narrowing region, for 
which the saturation theory is well developed, 8 as 
well as the slow-tumbling region, The basis forthe 
theoretical analysis in the latter region is given in 
II for a single-line spectrum, but we have extended 
it for nitroxide radicals, 

Our work in I also yielded an interesting prelimi
nary result relating to that portion of the linewidths 
in the motional narrowing region which is due to 
electron-spin flip (or T1) processes arising from 
dipolar and g-tensor terms, viz, the nonsecular 
terms, It appeared that such nonsecular terms are 
not simply given in terms of a Debye spectral den
sity, but instead may be showing short-time nondif
fusive properties, In the present work, we also re
port on our further explorations of this feature, 
(which, in principle, also affects saturation behav
ior). Besides extending the work in I, we found it 
useful to study 17O-labeled PADS as another indica
tor of such effects. The inclusion of a second and 
different magnetic nucleus into the radical should, 
in principle, permit the determination of all three 
components of the diffusion tensor from motional 
narrowing experiments, 9 and this was our initial in
tention since only two components are available 
from PADS itself, However, this work proved 
more useful for examining the nonsecular terms, 
Supporting studies at 35 GHz and the role of these 
nonsecular terms and anisotropic behavior on the 
saturation behavior are also reported. 

II. EXPERIMENTAL 

Most of the experimental considerations, includ
ing a description of the ESR spectrometer, given in 
I apply to the present work, so we only note here 
significant additions and changes. 

The p ADS was synthesized and purified by the 
methods described by Moser and Howie, 10 yielding 
material which is stable indefinitely when carefully 
dried and stored, in vacuo, in a freezer. The con
centration of the PADS radical in solution was de
termined spectrophotometrically using the maximum 
at 5450 A (e: = 20. 8), 11 The PADS was found to have 
a purity of 96. 7 ± 0, 5%, The 17O-labeled PADS was 
synthesized and supplied to us by Luz and co-work
ers, 12 a It was approximately 10% 170 enriched in the 
nitroxide position, The aqueous PADS solutions 
were pH adjusted for stability with KOH at a molar 
concentration 5%-10% of the PADS concentration 
(except where explicitly noted that 0, 05M K2CO3 
buffer was used). This method of stabilization sig
nificantly reduces the electrolyte concentration, 

thereby allowing the use of concentrations 2 to 3 
times greater than with K2CO3 buffer without intro
ducing Heisenberg exchange broadening, This re
sults because the· repulsions of pairs of PADS ions 
is less shielded by a reduced ionic atmosphere, 
Such effects have been discussed elsewhere for var
ious amounts of buffering, 12

b and we have extended 
such studies to the unbuffered solutions, 12

c 

A. Line Shape Measurements 

In the motionally narrowed region with well-re
solved Lorentzian lines, it is sufficient just to mea
sure the derivative widths (o). It is well known, 
however, that the relative widths are then more ac
curately determined from relative amplitude mea
surements, 13 and this procedure was utilized, 
There had been a previous report of possible non
Lorentzian character for low concentration aqueous 
p ADS solutions, 14 This possibility might imply re
sidual inhomogenous broadening15 due to small cou
pling (a/o<l) with a K• nucleus of I=½, or else 
perhaps field inhomogeneity. Thus ESR line shapes 
were carefully measured for PADS in H2O at 21 °C, 
with and without KzCO3 buffer (Jones14 had employed 
the buffer) for PADS in 30% glycerol-H2O at T 
= -10 °C, where the minimum (M= 0) X-band line
width of 92 mG is observed; and for PADS in 85% 
glycerol-H2O at T= O °C, The variation of the de
rivative half -amplitude versus the distance from the 
field at resonance for the experimentally observed 
shapes and for Lorentzian and Gaussian line shapes 
is found in Table I. The half-amplitudes are nor -
malized to unity for (H - H0 ) = o/2. The experimen
tally observed line shapes are found to be very 
nearly Lorentzian with only small deviations in the 
wings, If an interaction with a single K+ is as
sumed then we have found a coupling constant of 

' 15 m G would be needed to account for the small de-
viations from Lorentzian shapes observed in cases 
(1) and (3) in Table I. A comparison of the results 
for the buffered and nonbuffered solutions indicate 
that the line shape is hardly affected by the in
creased K • concentration. Magnetic field inhomo -
geneity could also cause these line shape deviations, 
It is however, known that the field inhomogeneity 
is :; 5 mG. It can be shown that these deviations 
from Lorentzian shape will at most broaden a 92 
mG PADS line by 2%, with correspondingly smaller 
corrections for broader lines. Our main point 
then is that the inhomogeneous broadening contrib
utes' negligible error to the relative linewidth mea
surements 0 

For the 17O-labeled PADS, each 170 and 14N hy
perfine component is inhomogeneously broadened by 
small couplings with 170 isotope introduced, during 
the synthesis, into the substituent sulfate groups. 
For the narrower 14N lines (Fig. 1 ), the resultant 
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FIG. 1. 170 fine structure, from labeled sulfate groups, 
for the MN= 0 line of PADS in 30% glycerol-H2O at -10 °C. 

hyperfine structure is resolved with a coupling con
stant of 0, 54 G for a sulfate 170 atom. The proba
bility of an individual sulfate oxygen being labeled, 
as measured from the relative ESR amplitudes in 
Fig. 1, is 6, 3%. With this information, it is pos
sible to accurately simulate the non-Lorentzian 
nitroxide 170 line shape shown in Fig. 2 and correct 
the observed linewidth for the effects of this in
homogeneous broadening. 16 After correcting the 
amplitudes of the 170 lines for this interaction and 
small overlap effects, relative linewidths could be 
calculated by the usual methods. 

B. Saturation Technique 

The technique of continuous saturation was used 
to determine relaxation times T1 in the motionally 
narrowed region. 3•17 •18 That is, a plot of l} versus 
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FIG. 2. Experimental and calculated line shape for 
the (M 0, MN)=(-t -1) low field line for 17O-labeled 
PADS in H2O. - is the experimental line shape, --- is 
calculated for a Lorentzian line shape with the same deri
vative linewidth; (Cl) is calculated for the 170 coupling 
and intensities given in the text. 

B~ (microwave field squared) yields T1/T2 from the 
slope and T2 from the intercept. The use of this 
relationship in the progressive saturation technique 
depends on the ability to accurately measure Bf. 
As described in more detail elsewhere, 3•

17
•
18 

(2. 1) 

where P 1Dl! is the incident microwave power to the 
cavity and Q is the unloaded cavity Q value (mea
sured with the Dewar and sample in place but away 
from magnetic resonance) if, as was the case in our 
work, the cavity is critically coupled, The propor
tionality constant c is a function of the microwave 
field distribution and sample length. If the same 
Dewar is used for all experiments, c is independent 
of temperature and solvent variations, 3•

17
•
18 In our 

experiments, c was determined from saturation 
measurements on PADS in H20 at T= 20 °C, Previ
ous experiments in this laboratory and others have 
shown that, for this case, T/T2 = 1 within experi-

TABLE I. Comparison of PADS line shapes with a Lorentzian line shape. 

Fraction of derivative half-amplitudea, b 

Distance from 30% glycerol- 85% glycerol- 170 PADS 
resonance in H2O, T 5 x 10"2 M K2CO3 HzO H2O in H2O 

units of deriv- =+20°C T=+20°C T=-10°C T=0°C T=+20°C 
ative half-width o=0,155 G o=0.155 G o=0.092G o=0.790 G o=l.15 G Lorentzian Gaussian 

1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
2 0.647 0.636 0.635 0.655 0.78 0.653 0.446 
3 0.325 0.323 0.314 0.332 0.59 0.353 0.0549 
4 0.171 0.170 0.165 0.173 0.36 0.177 0.0022 
5a 0.097 0.094 0.093 0.102 0.21 0.102 3 X 10"5 

a Experimental uncertainty is ± 0. 003. 
b All solutions were in the exchange-free region corresponding to PADS concentrations of 1- 2x 10"4 M except for 170 

PADS at 1 x 10"2 M. The solutions were 1 x 10"5 Min KOH except for the 170 PADS solution at 1 x 10"3 M and the solution 
buffered with K2CO3. 
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FIG. 3. X-band ESR spectrum for 2xl0"2 M17O-labeled 
PADS in 85% glycerol-H2O at T= - 90 °C. The relative 
gain between the 170 and pure 14N (central portion) lines 
is about 5 00 : 1. 

mental error. 3 '
17 

To insure accurate results, the cavity Q was 
measured for every sample and temperature for 
which T1 measurements were made. Typical Q val
ues are as follows: 7000 for a 1-mm o. ct. tube of 
H20, 7120 for a 1-mm tube of 50% glycerol-H20, 
6800 for a 2-mm tube of 85% glycerol-H20 at T 
= 20 °C, and 8000 for a 2-mm tube of 85% glycerol
H2O at T= -90 °C. 

The proportionality constant in Eq. (2. 1) contains 
a correction for the effect of the nonuniform micro
wave and modulating field strengths, over an ESR 
line sample, on the effective Bf. It has been shown 
that for a Lorentzian line, Bf (line sample)/ Bi 
(point sample)= O. 76 for BfT1 T2 .:S 1. 3 '

11 
'
18 All satu

ration experiments in the motionally narrowed re
gion were performed with this restriction. In the 
slow-motional region, however, many experiments 
were performed at much larger effective microwave 
powers. Comparisons of point vs line samples show 
that for the same degree of saturation, the slow
motional spectra are virtually superimposable when 
B~ (line sample)/ B~ (point sample)= O. 75± O. 05. 
Since this is the same value found for r! Bf T1 T2 < 1 
in the motionally narrowed region, line samples 
were used for subsequent slow-motional saturation 
experiments. No further corrections for the non
linear microwave and modulating fields were needed. 

C. Rigid-Limit Simulation 

The rigid-limit simulations for normal PADS are 
described in I. For the 17O-labeled PADS, only the 
value of A. could be obtained experimentally from 
the rigid-limit spectrum, since the lines associated 
with A,. and Ay parallel to the magnetic field are 

buried in the rigid spectrum of the unlabeled mole
cule. A rigid-limit spectrum of 2X 10"2M 170 PADS 
in 85% glycerol-H20 at T= - 90 °C is shown in Fig. 
3. The relative gain between the 170 and 14N lines 
is about 500 : 1. The value of A. (170 ), calculated 
from ½ the separation between the peaks indicated 
in Fig. 3, is A.= 80. 2 ± O. 7 G. Measurements on 
1 X 10"2M 170 PADS in H20 yield a value aN(17O) 
= 20. 91 ±. 05 G. This value is virtually independent 
of solvent and temperature in the experimentally 
accessible region. The value of aN in 50% glycerol
H2O at T= 4 °C is 20. 93 ± 0. 05 G. If it is assumed 
that the anisotropic hyperfine values are also tern -
perature and solvent independent, then a value for 
½(A,.+Ay)=½(3aN -A.)=-8.73 Gis obtained. Since 
the unpaired electron is localized in a 2p -rr orbital 
for both 14N and 170, it is reasonable to assume that 
the hyperfine tensors for both atoms have the same 
symmetry (i.e., the two (A -al) tensors are nearly 
equal within a multiplicative constant). Compari
sons with the 14N data given in I indicate that a value 
of A,.=Ay is a reasonable assumption. This was as
sumed for most of the subsequent analysis although 
the effect of small variations in A% and Ay were also 
considered. 

Further details on experimental procedures may 
be found in Goldman's thesis. 16 

III. RESULTS AND ANALYSIS: LINEWIDTHS, 

A. Further Motional Narrowing-Results (9.l and 35 GHz) 

ESR spectra for PADS in aqueous glycerol solu
tions were analyzed for O, 10, 30, 50, and 85% by 
weight glycerol-H2O. By varying the temperature 
and composition of the solvent, it is possible to 
vary TR continuously from 3. 5 x 10"12 sec, for PADS 
in H2O at T= 23 °C, to the rigid limit for the 85% 
glycerol-H2O solvent at T:5 -90 °C. The accessible 
temperature range for each solvent was determined 
by the freezing point of the mixture and the temper
ature at which PADS began to decompose. The pos
sibility of obtaining TR~ 3. 5 x 10·12 sec permitted a 
more careful analysis of deviations of nonsecular 
contributions from those expected for a Debye spec
tral density (cf. Sec. I). 

The experimental results are· analyzed in the usu
al way in terms of the expression o = A + BM N +CM~, 
where MN is the 14N spectral-index number . 13 The 
complete results for the variation of B vs C for the 
entire range of flycerol-H2O mixtures are given in 
Fig. 4. In the regions where the linewidth results 
for different compositions overlap, the values of B 
vs Care the same within experimental error. The 
results for A are given in Fig. 5. The uncertainty 
in A is found to be~ 1%, while that for Band C is 
1%-3% for the 85% and 50% glycerol-H2O solutions. 
When the value of B and C becomes small compared 
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FIG. 4. A comparison of experimental and calculated 
values of B vs C for PADS in glycerol-H2O. The TR 

shown are for the X-band results. For 35 GHz, the cor
rect TR values are those corresponding to the X-band 
experimental results with the same value for C as the 35 
GHz results. 

to A, i.e., B/ A, C/ A< 0. 05, the uncertainty in B 
and C increases to about 3%-5%. 

The results in Fig. 4 for TR> 10·10 sec (as was 
found in I for just PADS in 85% glycerol-H20) may 
be fit very well by an axially symmetric rotational 
diffusion model, where N = R3 /R1 = 4. 7 ± 1. Here TR 
= (6Rf1 and R= (RaR1)

112 [and the predicted line
widths are based on Eq. (5) of I]. However, we 
note that for TR - wii1 = 1. 7 5 x 10·11 sec, the experi
mental results deviate from the predictions. (This 
is consistent with the earlier study of PADS in ice 
which, however, only ranged from TR> 10·11 sec,) 
However, for wiT1« 1, i. e,, TR ~4x 10·12 sec, the 
experimental results and the predicted values for 
N = 4. 7 again appear to converge within experimen
tal error. 

In I we have presented strong arguments (and re -
sults) against any significant changes in the mag
netic parameters, which could otherwise lead to 
such discrepancies. It was also argued that it is 
not likely for N, which again appears to be constant 
from TR= 10-11 sec to 10·10 sec, to begin to change 
appreciably and nonmonotonically for TR< 10·10 sec. 
However, it was possible to obtain additional evi
dence from 35 GHz studies against a temperature 
dependence of the spin parameters and/or the an
isotropy of the rotational diffusion which could af-

feet linewidths. 

At 35 GHz, w;j1=4.6x10·12
, and nonsecular terms 

are negligible for TR~ 3 x 10·11 sec. Thus if there 
were any experimental variation in C/B at 35 GHz 
for TR> 3X 10·11 , it must be caused by changes in 
magnetic parameters or N. The 35 GHz results 
where TR ranges from 1.4x 10·11 sec to 4X 10·10 sec, 
given in Fig. 4, indicate that within experimental 
error, C/ Bis independent of TR and temperature 
for TR> 3X 10·11 sec. [The values of TR and N are 
obtained from Eq. (5) of I.] The calculated values 
of N = 4. 5 ± 1 are consistent with the X-band results 
of N=4. 7± 1 for longer T 11 . If the values of C/Hare 
scaled to 9. 1 GHz, the resultant values of 1. 48 
± 0. 08 are just what would be expected from Fig. 4 
and Eq. (5) of I for N-4. 7 in the absence of nonsec
ular terms. 

These results, coupled with the fact that the X
band results for the H20 solvent are also consistent 
with N = 4. 7, strongly imply that within the accuracy 
of the linewidth measurements, the magnetic param
eters and N are solvent and temperature indepen
dent over the whole range of glycerol-H20 composi
tions. The 35 GHz and X-band results, for TR -w01, 
would be in disagreement if both sets of linewidth 
data are interpreted with nonsecular terms treated 
in the standard way. The value of N calculated 
from Eq. (5) of I for TR~ 3 x 10·11 sec is 4. 0 ± 1 and 
8. 2 ± 1 at 35 GHz and X-band, respectively. For 
the former, nonsecular terms are almost negligible, 
and the calculated value of N agrees with the X-band 
results obtained for w~ Ti » 1. For the latter cal
culated result, nonsecular terms, treated in the 
standard way, make a significant contribution to the 
linewidth. 

The dashed line in Fig. 4 was calculated from 
Eq. (5) of I based on the approximation of axially 
symmetric instead of totally asymmetric rotational 
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FIG. 5. A vs TR for PADS in glycerol-H2O solutions. 
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diffusion, In order to ascertain whether this ap
proximation affects the calculated C/ B ratios for 
TR -wii1, Eq, (5) of I was modified for totally asym
metric rotational diffusion as described in detail by 
Freed. 9 •

19 Calculations performed for an asym
metric diffusion model, in the region where non
secular terms are important, show some variation 
in the calculated C/ B ratio as Rx, and Ry, are var
ied from the value of RJ.. For w~Ti » 1 only two 
diffusion parameters, R,, and RJ., are needed to fit 
the experimental data. The results for axial diffu
sion, given in I demonstrate that the experimental 
results for w~ Ti» 1 could only be fit with Ry> Rx, 
R11 • Thus initial values of Ry/Rx and Ry/R11 greater 
than 1 were chosen and the third diffusion constant 
was adjusted to fit the results for w~ Ti» 1 and R11 / 
RJ. = 4. 7. Keeping the relative values of R; constant, 
the absolute values were then varied until the value 
for C calculated for TR = 3 x 10-11 sec and R11 / RJ. 
= 4. 7 was obtained. For these values of R;, the C/ 
B ratio was calculated and compared to the results 
for axial diffusion and N = 4. 7. Results were ob
tained for ratios of Ry/Rx and Ry/R11 of 10 and 100. 
(Although these values are unrealistically large, it 
was felt that they would encompass all possible cal
culated variations of the C / B ratio. ) The calculated 
C/ B ratio was found to vary only a few percent from 
the value calculated for axial diffusion. The varia
tion among these values (1. 10-1.13) is small com
pared to the difference between the calculated re
sults and the experimentally observed C/ B ratio of 
1. 30 ± 0. 06. Thus the approximation of axial versus 
completely asymmetric diffusion cannot account for 
the differences between the experimental points and 
the dashed line, calculated for N = 4. 7, in Fig. 4. 
These results indicate that in the region where non
secular terms are important (and where the condi
tion that w~Ti « 1 is still not true), the usual spin
relaxation expressions for these terms do not prop
erly represent their contribution to the linewidth. 

As discussed in I, the dependence of the nonsecu
lar spectral density on TR is given by the Fourier 
transform of the correlation function g(T) 
= (:otM*(T):OtM(0)): 

• ( ) 1 1"" ( ) •iw 0T d J Wo, TR = 2 _
00

g T e T • 

The standard Debye-type result of 

j(wo, TR)=TR /(l+w~~) 

(3.1) 

(3. 2) 

is obtained with the usual assumption of an exponen
tial decay of the correlation [g(T)a e·TITR ]. 

We have found it convenient to fit the linewidth re
sults for glycerol-H2O in a purely empirical fash
ion with 

(3. 3) 

where E: is an adjustable parameter not to be con-

fused as a modification of TR. (Such a parameter 
may be related to the more fundamental memory 
function approach as discussed in Sec. III. C). The 
best fit is obtained with E: = 4. It can be seen in Fig. 
4 that the solid line, drawn for this value of E:, is 
consistent with the experimental results. The val
ues of TR obtained from this functional form are 
within 5% of those calculated using the usual expres
sion for the nonsecular terms. However, for the 
entire range of glycerol-H2O compositions, the re
sults fall in the range of N= 4. 7 ± 1, 20 when E: = 4 is 
utilized. 

The variation of A with TR is shown in Fig. 5. 
The contribution of the dipolar and g-tensor terms 
to this linewidth can be calculated from the experi
mental values of TJi and N using Eq. (5) of I. The 
dashed line in Fig. 5 is the residual width X after 
these contributions are subtracted. For TR~ 3 
x 10·11 sec, the increase in this residual width can 
be attributed to the increased contribution of spin
rotation to the linewidth. The increase in X for TR 
> 3X 10·11 sec is similar to the results observed for 
PADS in frozen H2O. 1 

A comparison of the X-band and 35 GHz M = 0 
linewidth results shows that this residual width is 
magnetic-field independent. For PADS in 50% glyc
erol H20 at T= - 30 °C(TR = 4. 05 x 10·10 sec) the 35 
GHz M = 0 linewidth is 923 ± 50 m G after exchange 
contributions are subtracted. The dipolar and g
tensor contribution to this width, calculated from 
Eq. (5) of I, is 687 ± 30 mG, which leaves a residu
al width of 236± 80 mG. The residual width for this 
TJi value at X band is 210± 15 mG. Thus, the X
band and 35 GHz residual widths are the same with
in experimental error. (We estimate -15 mG extra 
inhomogeneous broadening of the 35 GHz line over 
the X-band line by comparison of X-band and 35 
GHz. M=O widths at 19 °c for a 10·3 M sample of 
PADS in H2O. Here TR ~3.5x10·12 sec and the re
spective widths are 169 and 148 mG with an es
timated extra g-tensor contribution to the 35 GHz 
width of - 7 mG. ) 

We have made the reasonable assumption that X 
for TJi <Bx 10·12 sec is due mainly to a spin-rota
tional interaction based on the results of Kooser 
et al. 3 showing T1 ~ T2 for PADS in H2O. The dotted 
line in Fig. 5 shows the remaining residual width 
after the estimated spin-rotational relaxation con
tribution [ which fulfills the relation (T21 )SR= 2~ (0 ), 
cf. Sec. IV] is subtracted. This residual width is 
found to increase almost linearly with TJi. The pos -
sibility that intermolecular electron spin-spin in
teractions are the source of this may be discarded 
since the results of Fig. 5 are found to be indepen
dent of the PADS concentration for concentrations 
less than 5 x 10·4 M. It is possible to analyze this 
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residual width in terms of electron-spin-solvent
proton dipolar interactions to obtain results for the 
translational diffusion coefficient D that are reason
able for glycerol solvents, 16 but recent results on 
other systems utilizing perdeuterated solvents sug
gest that only part of this residual width may be as
signed to this interaction. 21 Related matters are 
discussed in Sec. IV. 

B. Linewidth Study of 170 PADS 

Linewidth results for 10·2M 17O-labeled PADS in 
H2O were obtained for T= 21, 13, and 5 °C. At 
higher temperatures the PADS began to decompose, 
and for T< 5 °C, or more viscous solutions, the 
overlap of the 170 lines makes accurate linewidth 
analysis impossible. Even though the high PADS 
concentration used for these solutions resulted in 
some exchange broadening, it was necessary for an 
adequate signal-to-noise ratio. Of the 18 lines ob
served for the I=½ 170 and I= 114N nuclei, only 10 
lines were sufficiently resolved for accurate line
width measurements. The interior 8 lines were 
overlapped with the much more intense spectrum of 
the unlabeled PADS molecules. The relative line
widths were measured from the relative amplitudes 
as described in Sec. II. The absolute linewidth of 
the (M0 = - ½; MN = - 1) low field line was measured 
with an uncertainty of 1%-2%. 

The linewidth data can be fit to the expression12
•
13 

o=A+BNMN+BoM0 +CNMi+c0111g+DMNMo, (3.4) 

where M0 and MN are the spectral index numbers 
for 170 and 14N, respectively. For T= 13 and 21 °C, 
A is given as A =AN +A0, where AN is the MN= 0 
linewidth for the unlabeled nitroxide. A 0 , which is 
the difference between A and AN, is the additional 
MN= M0 = 0 width due solely to the presence of the 
0 17 magnetic nucleus. The linewidth contributions 
from exchange, spin-rotation and pure g-tensor 
terms are all included in AN. Since BN/ B0 , CN/C0 
« 1, the values of BN and CN at these temperatures 
may be taken from the 14N data in Fig. 4. The con
tribution from these terms was then subtracted 
from the linewidths for the 17O-PADS. The resul
tant linewidths were least-squares fit to 

o=A+B0 M0 +C0 Mg+DM0 .MN. (3.5) 

The values of A, A0, B0 , C0, and D, and their stan
dard deviations are given in Table II. 

An expression for T? (170), the extra linewidth 
terms resulting from the presence of the I= ½ oxy
gen, is obtained in a manner analogous to Eq. (5) of 
I. The linear and quadratic terms in M 0 are the 
same as those given in Eq. (5) of I except that the 
170 dipolar tensor components are now used. The 
170 M0 independent terms are identical to the MN 
independent dipolar terms in Eq. (5) of I. An ex-

TABLE II. Least-squares analysis for 170 PADS line
width results. 

T=21 °ca T=13 °Ca T= 5 °Ca 

Ab o. 801 ± o. 003 0. 869 ± o. 002 0. 986± 0. 004 
Aoc 0.571±0.017 o. 668 ± o. 016 
B/ o. 0099 ± 0. 0005 o. 0125 ± 0. 0003 o. 0147 ± 0. 0007 
Cob o. 0261 ± 0. 0005 0. 0319± 0. 0003 0. 0398 ± o. 0007 
Dob o. 0462± o. 0006 0. 0543 ± o. 0004 0. 0660 ± 0. 0009 
Co/Bo 2.64±0.17 2.54±0.08 2.70±0.15 

Ao/Co 21. 9 ± 1. 0 21.0±0.7 

aUnits are in gauss. 
bThe error statistics are only for the relative values 

of A, B 0, C0, and D. There is an additional uncertainty 
of~ 1. 5% in all the values. 

c The error statistics represent the total uncertainty in 
Ao, 

pression for the MN M 0 cross terms is9
•
22 

T?(MNMo)= (41r2/5) ~2 (Dt0> D~0> 7(0) 

x{(16/3) + 4[1 + wg 7 (0)2J-1} + wt2> D~2
> 7 (2) 

x{(16/3) + 4 [1 +W57 (2)2r1
}) (3. 6) 

when it is assumed that the nitrogen and oxygen hy
perfine tensors are colinear (cf. Sec. IL C). It is 
seen from Eqs. (3. 4) and (3. 5) that the 170 PADS 
introduces four new independent experimental pa
rameters from which to obtain further information 
on the rotational diffusion (e.g., all three compo
nents Rx,, Ryr, and R6 , of the diffusion tensor). 
However, the collinearity of the two hyperfine ten
sors means that they cannot supply different infor
mation on the diffusion tensor, but they can serve 
to confirm the results on N already obtained with 
unlabeled PADS, and furthermore, the new types of 
terms A 0 and D can be used for independent infor -
mation on our ad hoc experimental parameter €. 

A number of factors have to be considered in an
alyzing the results in Table II with Eqs. (5) of I and 
(3. 6). The experimental results are obtained in a 
motional region where nonsecular terms are impor
tant but the condition that wg 7t m « 1 is not quite 
fulfilled. An analysis of Eq. (5) of I shows that in 
the extreme narrowing limit for wg7tm « 1 or 
j(wo, 72,m)=72,m, Ao/C0 = (½)I (I+ 1)= 21. 88 for l= ½
This result is independent of the values of the 170 
hyperfine tensor components. Since nonsecular 
terms contribute more to A0 than to C0, the value 
of A 0 /C0 decreases as the relative nonsecular con
tribution to the linewidths decreases for longer 7R 

[For wg7~»1, A0 /C0 =(¾)J(J+1)=5.25.] The re
sults in Table II, for T= 22 °c, show that the ex
perimental value for A 0 /C 0 is exactly what would be 
predicted for wg 7tm « 1 or € = 0 in Eq. (3. 3). The 
value of A 0 /C0 for T= 13 °C is only slightly lower 



Downloaded 28 Jan 2010 to 128.253.229.158. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

3078 GOLDMAN, BRUNO, AND FREED 

than this theoretical limit. A smaller value of A0 / 
C0 at this TR is calculated for E: = 4, which fits the 
14N linewidth data, and for E: = 1 which is derived for 
Brownian diffusion. Thus it is important to evalu
ate how the choice of j(w0, TR) affects the 170 line
width analysis. The nonsecular terms were intro
duced with Eq. (3. 3) for E: = 1 and 4. For the pur
pose of comparison, a value of E: = 0, which is 
equivalent to the extreme narrowing limit, was also 
used. 

The preliminary analysis of the 170 linewidth re
sults was performed assuming A,,=Ay= (3aN -A.)/2. 
This assumption is reasonable based on the 14N 
rigid limit results of Sec. II. C. It is important, 
however, to estimate the effects of small variations 
in the values of A,, and Ay on the analysis. Thus, 
calculations were also performed for A,, -Ay = ± 6 G 
with (A,, +Ay)/2 kept constant. The effect of the un
certainty in A.(170), the g-tensor components, and 
the 14N hyperfine tensor components was also con
sidered. 

The following procedure was used in fitting the 
experimental data in Table II: (1) For a given value 
of A, -Ay and E:, TR and N were determined from 
the experimental values of C0 and B0 using the theo
retical expression for 170 linewidths which is analo
gous to that given in Eq. (5) of I for 14N (as noted 
above); this supplies two equations for the two un -
knowns. (2) These values were then used to calcu
late D and A0/C0• (3) The uncertainty in these lat
ter quantities was determined by varying TR and N 
over the range of values consistent with the experi
mental error of C0 and B 0• These results, summa
rized in Table III, are the values calculated for A,, 
=Ay and E:=0, 1, and 4. The first set of error lim
its is the uncertainty in these quantities as de
scribed above. The second set of error limits re
flect the variation in these quantities for A,, -Ay 
= ± 6 G relative to the values calculated for A,, =Ay. 
Except for A 0/C0, the minus signs correspond to 

A,, -Ay= + 6 G. The reverse is true for A,, .,.Ay 
= - 6 G. The uncertainty in A.(017

) and the g-tensor 
components correspond to an additional uncertainty 
of ± 0. 7 in N. This coupled with the error in the 
14N hyperfine values results in an additional uncer
tainty of 5%, 2%, and 1. 5% in the value of D for E: 
= 0, 1, and 4, respectively. The value of A 0/C0 is 
not affected by these additional considerations. 

An analysis of the results in Table III and a com -
parison with the experimental data in Table II 
yields the following observations. The calculated 
value of TR is only slightly sensitive to the choice 
of E:. Thus TR changes by only ± 1 %-2% as E: varies 
from Oto 4. The variation in the value of A,, -Ay 
results in an additional 5% change in TR• These re
sults are in excellent agreement with the TR values 
obtained for 14N PADS in Fig. 4 for aqueous solvent 
at the same temperatures and provide an indepen
dent verification of the accuracy of the TR values. 

A comparison of the experimental and calculated 
values of A 0/ C0 for T= 13 and 22 °C indicates that 
they cannot be fit with E: = 4. The disagreement be
tween the experimental results and the values cal
culated for E: = 4 is larger than any possible errors 
in the calculated numbers. This implies that the 
j (w0, TR), which fit the 14N data for TR > w01, is not 
applicable for TR < w;j1 or TR~ 4 X 10-12 sec. The re
sults for E: = 0 and 1 are more ambiguous. For T 
= 22 °C, good agreement is obtained for E: = 0, while 
the calculated value of A 0/C0 for E: = 1 is slightly 
small. For T= 13 °C the experimental result is 
midway between those calculated for E: = 0 and 1. 

A comparison of the calculated and experimental 
values of D confirms the fact that the results can
not be fit with E: = 4. The best agreement is obtained 
for E: = 1 and A,,= Ay. These values agree almost 
perfectly with the experimental results at T= 22, 
13, and 5 °C. The values calculated with E: = 0 are 
in general larger than the experimental results. 

TABLE III. Linewidth analysis for 170 PADS. 

T(°C) a TjF 1012 (sec)b Nb D0 (mG)b Ao/Cob t 

0 3. 59± 0. 07(± 0. 27) 5. 5±1(±2) 48. 9±2. 5(±4. 5) 21. 88 

+21 1 3. 53 ± 0. 07(± 0. 27) 4. 8 ± 1(± 2) 45.7±1.8(±2.8) 20. 0±0.4(±0. 8) 

4 3. 48± 0. 07(± 0. 27) 3. 8± 1(±1. 8) 41. 8 ± 1. 4(± 1. 7) 17.6±0.4(±1.0) 

0 4.40±0.04(±0.24) 4. 9 ±0.4(±1. 6) 59.5±1.3(±3.4) 21. 88 

+13 1 4. 35± o. 04(± o. 24) 4. 0±0.4(±1. 6) 55.0±0.9(±1.9) 19. 6±0.3(±0. 6) 

4 4. 26 ± o. 04(± 0. 24) 3.0±0.4(±1.2) 50. 0±1.0(±1. 3) 17.1±0.3(±0.7) 

0 5. 38 ± o. 09(± 0. 39) 6. 0±1(±2.5) 74.5±2.7(±6.7) 

+5 1 5. 32± 0. 09(± 0. 39) 4.5 ±0. 8(±1. 8) 66.1±2.1(±3.0) 

4 5. 22 ± 0. 09(± 0. 29) 3.2±0.7(±1.5) 59.0±2.2(±2.4) 

aj(w0, TR)=TR(l+eW6Tkt1. 

bThese values are calculated for A,,=Ay for the 170 hyperfine tensor. The error limits in 
parenthesis are based on the range of possible values for A,, -Ay = ± 6 G. 
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FIG. 6. Comparison of spectral densities j(w0) as a 
function of TR= j(0) for different functional forms with wo1 

= 1. 7 x 10"11 sec. The solid curves are from Eq. (3. 3); 
the broken line curves are from Eq. (3. 8); the dashed 
lines are from Eq. (3.13) with c = Tc/TR• For the cases 
of c= 1 and 1. 7 maxima (not shown) occur at coordinates 
[j(w)/TR; TR] of (1. 66, 14. 2) and (3. 25, 10. 4), respec
tively. 

(However, for A" -Ay= 6 G, when the deviations in 
the spin parameters are considered, the experi
mental values can be obtained for E: = 0. The 14N 
results, however, show that E: = 0 is unrealistic for 
longer TR•) 

The value of N calculated for E: = 1 and Ax= Ay fall 
in the range of N=4.4±0.4. If the E:=0 results are 
considered then N= 5. 5±0. 6. These results are 
consistent with the N= 4. 7 ± 1 found for N14 PADS 
and w~ T% » 1. 

In summary, the 170 linewidth results confirm the 
values of TR and N found for 14N PADS in the glycer
ol-H20 systems. If the contribution of the nonsecu
lar terms to the linewidth, in this region, is to be 
described by Eq. (3. 3), then a value of E:"' 1 is 
needed to fit the value of D and A0 / C0 simultaneous -
ly. 

These results indicate that the usual expression 
for the nonsecular terms, with E: = 1, is adequate 
for TR :S 5 x 10·12 sec, while the 14N results for TR 
.? wii1 are best fit with Eq. (3. 3) and E: = 4. 

C. Further Comments 

We have made a simple attempt to attach some 
physical significance to the experimental adjustment 
parameter E: which is ~ 4 for TR 2: w;? = 1. 7 x 10-:11 

sec and ~ 1 for TR ,S 5 x 10·12 sec. We have utilized 
the nonexponential correlation function 

g(T)= exp{ - 6RT [exp(- t/T) -1 + t/T]} (3. 7) 

as suggested in I for a simple model which includes 
"short-time" inertial effects. In this interpretation 
one may take T ==I/t, where I is the moment of in-

ertia and t the rotational friction coefficient with 
R=kT/t. We then obtain23 

j(w)=Te"Re[p·~-y(z, p)], (3.8) 

where p = 6RT, z =P +iw, and -y(z, p) is the incom
plete gamma function. Note that 

(3. 81
) 

We compare in Fig. 6, the values of j(w0 ) as given 
by Eq. (3. 8) for several large values of p with those 
of Eq. (3. 3) for E: = 1 and 4. It is clear that there is 
no reasonable relation between the two types of ex
pressions. (The p = 1. 2 and 6 curves do ultimately 
cross the E: = 4 curve, but at TR = 10·10 and 7 x 10·11 

sec, respectively. ) 

As an alternative approach to analyzing the E: * 1 
results in terms of deviations from Debye-type 
spectral densities, we have utilized the memory 
function approach in a simple phenomenological 
manner. 24 That is, one can write24 •

25 

dg(t)/dt= - fr/ f(t 1
)g( t - t')dt' 

so from Eq. (3.1) one has 

j(w) = r'(w )/ {[w +r "(w )]2 + [r 
1
(w )]2

} , 

where 

r(w)=r '(w)+i-y "(w)= f
0

m ji(t)e•iwt dt 

(3. 9) 

(3.10) 

(3. 10') 

with r 1 (w) and r 11 (w) real quantities which are, re
spectively, even and odd functions of w. Again TR 

isdefinedbyEq. (3.8'), SOTR=r
1 (0)"1 . [Onemay 

note that if r 1 (w) and r 11 
(w) are expanded in power 

series in w, and only lowest order terms are kept, 
then we would have r 1 (w ):::: T;/ and r "(w ):::: aw, 
where a is a constant properly determined from 
molecular dynamics. If these approximations are 
substituted into Eq. (3.10), then a comparison of 
the resulting expression with Eq. (3. 3) yields a 
simple expression for the empirical parameter E: as 
E:"' (1 + a )2. The models discussed below, however, 
suggest that for substantial deviation of E: from uni
ty, such a lowest order expansion is not an adequate 
expression for E:, and, although a formal and com
plex expression may be obtained for E: by equating 
Eqs. (3. 3) and (3. 10), it is best regarded in a pure
ly empirical sense. The kernel ii(t') has the prop
erty of a memory function, and it, in principle, 
contains the information about the coupling of the 
reorientation of the radical probe to all the other 
revelant degrees of freedom. [In this sense, the 
free-diffusion model of Eq. (3. 7) could be reformu
lated as a memory function. ] Rather than attempt
ing a complete analysis of '9( t) at this time from the 
microscopies of different models we assume simple 
functional forms for y(t), 24 i.e., 

(3. lla) 
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(3.llb) 

corresponding to an exponential memory function 

YsU)= (Ys/Ts)e- 111 /Ts (3.12) 

or 

(3.13) 

where 

w(x)=e-x2 erfc(-ix) (3.13') 

and erfc(x) is the complementary error function, 
corresponding to a Gaussian memory function 

Y0 (t)= (y0 /T 0 ,fii)e-1214
T!. (3.14) 

{ Note that as Ts (or T O ) approaches zero 'Ys (t) [ or 
Yo (t)] become delta functions so that from Eq. 
(3. 9), g( t) gives simple exponential decay with 
y.(or1 =TR, etc.; while as Ts (or To) becomes very 
long, dynamical coherence persists, and a more 
rigorous analysis may be called for.} 

We show in Fig. 6 curves plotted for the Gaussian 
memory function for several values of c 'i=Tc/TR. 

We note that for a c = 1. 7 one has at TR"' w;j1 the 
equivalent of an E:"' 5, but the effective E: value is 
rapidly changing, and at TR~ 10-11 sec, j(w)/TR in 
fact shows a strong maximum. For c = 0. 5, how
ever the behavior for TR < 10-11 is more satisfacto
ry, corresponding to an E:"' 0, but for TR> 10-11 sec 
it is not decreasing soon enough. We wish, how
ever, to note the following two points: (1) c itself 
can be expected to be a function of temperature and 
(2) the Gaussian form, although a common first 
guess, 24 need not be a fully adequate form for val
ues of c ~ 1, which imply a considerable amount of 
coherence. (The exponential memory function gives 
results that are qualitatively similar to the Gauss -

ian, when larger values of T5/TR are used.) Thus 
it may not be unreasonable to expect that a more 
satisfactorily chosen memory function, based on the 
correct molecular dynamics, would be in better 
agreement with our observations. 

IV. RESULTS AND ANALYSIS: SATURATION 

A. Saturation Measurements in the Motional-Narrowing Region 

The experimental values for Ti1(.M) for PADS in 
50% and 85% glycerol-H20 are given in Table IV. 
T1 results for PADS in H2O have been given by 
Kooser et al. 3 The absolute uncertainty in the T1 

values in Table IV is about 20% due mainly to un -
certainty in the absolute value of Q and the propor
tionality constant in Eq. (2.1). The measured 
variation of T1 (M') amongst the hyperfine compo
nents at a given temperature (and TR) is independent 
of the absolute value of Bi, and the uncertainty in 
Ti1(± 1)/Ti1(0) varies from 4% to 7%. The relative 
uncertainty among T1 values for the same sample 
at different temperatures is 7%-10% due to the ad
ditional uncertainty in the temperature dependence 
of Q. 

A preliminary analysis of the data in Table IV 
shows that T1 is a slowly varying function of TJi. 
Thus while r;1{0) increases by a factor of 10 from 
TJi=3x10-11 sec to 1x10-9 sec, Ti1(0) decreases by 
only ~ 30% over the same TR range. The data in 
Table IV also indicates that within experimental er
ror T1 is correlated with TR but not with the precise 
glycerol-H2O composition. 

The analysis of the saturation results in terms of 
the pseudosecular and nonsecular dipolar and g
tensor terms and the spin-rotational terms is rela
tively straightforward. One defines a saturation 

TABLE IV. Fast motional saturation. 

A. Saturation Results for 50% Glycerol-H20 

T(°C) -rRx 1011 sec Tj1(O) x 1O"6sec-1 ba W
8

(0) x 10-5 sec-1 Tj1(- l)/Tj1(0)b Tj1(+ 1)/Tjl(O)b 

0 3.00 1. 22 0.24 3.65 0. 85 ± 0. 03(0. 85, 0.86) o. 98 ± 0. 04(1. 03, 0. 93) 
-8 4.92 1. 23 0.48 3.02 0.75±0.05(0.79, 0. 82) 0. 86 ± 0. 04(0. 94, 0. 87) 

-16 8.98 1. 21 1.1 2.35 0. 78 ± 0. 04(0. 75, 0. 79) o. 87 ± 0. 04(0. 85, 0. 82) 
-24 16.5 1.18 2.5 1. 98 0.80±0.03(0.78, 0. 81) 0. 83 ± 0. 03(0. 84, 0. 83) 
-30 31. 7 1.02 5.5 1. 62 o. 88 ± 0. 03(0. 86, 0. 87) o. 89 ± o. 03(0. 88, 0. 88) 

B. Saturation results for 85% Glycerol-H20 
T(°C) -r Rx 1010sec Tj1(o) x 10-6sec"1 ba We(O) x 10"5 sec-1 Tjt(-1)/Tjl(O)b Tj1(+ l)/Tj1(0)b 

18 1. 64 1.28 2.1 2.27 o. 78 ± 0. 03(0. 78, 0. 80) 0. 80 ± 0. 05(0. 83, o. 81) 
10 2.53 1. 30 3.4 2.24 o. 78 ± 0. 05(0. 82, 0. 83) 0. 89 ± 0. 06(0. 85, o. 84) 

3 4.16 1. 09 7.0 1. 77 0. 83 ± 0. 03(0. 88, o. 88) 0. 84 ± 0. 04(0. 90, 0. 89) 
-2 7.33 1.03 13 1. 69 1. 04 ± o. 03(0. 92, 0. 93) 1. 00 ± o. 05(0. 93, o. 93) 
-7 11. 8 0.836 24 1. 35 1. 01 ± o. 05(0. 96, o. 96) 1. 06 ± 0. 05(0. 96, 0. 96) 

ab=WN/We(0), where 2WN is the nuclear spin-flip rate. 
bNumbers in parentheses are calculated from Eq. (4.1) utilizing e:= 1 and 4, respectively. 
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FIG. 7. Relaxation diagram for an I= 1, S=½ spin sys
tem in which the different transition probabilities are 
defined in units of W0 (0). 

parameter G(M) = 4T1 (M) which obeys 

G(M)=2C.v,i/C;, (4.1) 

where C; and CJi,Ji are respectively any single co
factor and the double cofactor (for the M transition) 
of the transition-probability matrix W. 8•16 The 
transition probabilities are defined in Fig. 7 as di
mensionless quantities relative to w.(0), the pure 
electron-spin-flip rate of the M=0 line, and they 
are detailed elsewhere. 16 When the nonsecular di
polar terms are small compared to w.(0) (the usual 
case for w0T R > 1 ), then one obtains a relatively 
simple expression8 

T;1(M)= 2W.(0)cp-1(.M), 

cp(±l)=(l+3b+b2 )/(1+4b+3b2
), 

cp(0)=(1+2b+b2)/(1+4b+3b2), 

(4. 2) 

(4. 3a) 

(4. 3b) 

and b = ½ b'. For b « 1, the pure nuclear-spin tran
sitions are negligible, and each allowed transition 
relaxes independently with Ti1(± 1 )= Ti1 (0)= 2W.(0). 
For b » 1, the nuclear -spin levels are "shorted" 
and Ti1(±l)=Ti1(0)=6W.(0). When nonsecular 
terms are not negligible, one has a simple result 
for b', c~, c~ « 1, 26 

G(M) ~ [2/W.(0)]{l - B(M) - [I(I + 1) -M2]S}, 

where 

S= (b' +c~) (b' +c~)/(2b' +c~ +c~) 

so that T(l)* T(-1). 

(4. 4) 

(4. 5) 

Although Eqs. (4. 2)-(4. 4) give useful approxi
mate results, we used the general expressions 
based on Eq. (4. 1) and Fig. 7, which are valid over 
the whole motional narrowing region. 

It is possible to calculate values for w.(0) from 
the Ti1(0) results, using Eq. (4.1) and the values 
for TR and N calculated from the relative linewidths 
of the unsaturated spectra. The procedure involves 
varying the value of w.(0) until the experimentally 
observed value of Ti1(0) is obtained. 

In the region where nonsecular terms are impor-

tant the value of Ti1(0)/W.(0) and Ti1(± 1)/Ti1(0), 
for a given value of TR and N, depends on the func
tional form of j(w0, TR). Thus a comparison of the 
experimental values of Ti1(± 1)/Ti1(0) with those 
predicted from Eq. (4.1) should, in principle, be 
able to distinguish between the nonsecular contribu
tion predicted for different values of E: in Eq. (3. 3). 
Unfortunately, the experimental results are not ac
curate enough to distinguish between the use of E: 
= 1 or E: = 4 as shown in Table IV. The error in cal
culating w.(0), due to the uncertainty in the magni
tude of the nonsecular dipolar (and g-tensor) terms 
due to uncertainty in E:, varies from~ 15% for TR 
= 3 x 10-11 sec to ~ o for TR > 3 x 10-10 sec. The val
ues of w.(0) and Ti1(± 1)/Ti1(0), given in Table IV, 
were calculated using the equations relating the 
transition probabilities to the appropriate spectral 
densities, and are given in Refs. 8 and 22 for iso
tropic motion, but are easily modified for aniso
tropic motion. 9•16 The calculated results for 
Ti1(± 1)/Ti1(0), in general, agree with those found 
experimentally and support the validity of the satu
ration analysis. (However, there is some discrep
ancy for TR > 5 x 10-10 sec.) 

The variation of W2 (0) with TR and 1/T is shown 
in Figs. 8 and 9 for 0, 50, and 85% glycerol-H2O. 
The values of w.(0) for H2O were obtained from the 
linewidths in Fig. 4 and the observation of Kooser 
et al. that T;1 = Ti1 = 2W.(0) for PADS in this sol
vent. 3 A least-squares fit to the log-log plot of 
W, (0) versus TR for PADS in H2O yields 

(4. 6) 

□ 50% glycerol-H2O 
"' 85% glycerol-H2O 

-------- We '(O) 

-- We(O)-H 2O 
-- We (O)-glycerol-H 2O 

Ix 1O4....._ ....... ........., ................ _...__,____.._,_......,_,u...,.. _ _,__.....,_ ........................... __. 
lxlO- 11 lxlO-IO lxlO-9 

Ti'l(sec) 

FIG. 8. w.(o) VS TR for PADS in glycerol-H2O. Ex
perimental values for H2O, 50% glycerol-H2O,and 85% 
glycerol-H2O are designated by • , □ , and b,respec
tively. - and - - are least-squares fits to the experi
mental values. - - - is the difference between the two 
least-squares fits. 
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., I.Oxl05 

:': 

o H20 
o 50% glycerol-H20 
,,. 85% glycerol-H 20 

I.0xl04....,_ __ ........ _-..J.._ _ _.__ __ -'--_-----'-__ ....1....___. 

3.4 3.6 38 40 42 44 
(/ ;T) x 103(°K-I) 

4.6 

FIG. 9. We(0) vs 1/T for PADS in glycerol-H2O, mo
tional-narrowing results for H2O, 50% glycerol-H2O and 
85% glycerol-Hp are designated by o, □, and 6, respec
tively. The slow-motional results for 85% glycerol-H2O 
are designated by .a. . The lines are least squares fits to 
the motional narrowing results. 

If w.{0) in this region is attributed to spin-rota
tion, 27 then one usually expects that w.(o) cd/T R. 

A least-squares fit to the results for 50 and 85% 
glycerol-H20 yields 

(4. 7) 

In this region w.(0) is a very slowly varying func
tion of TR. This is significantly different from the 
results for H2O and indicates that either w.(0) re
sults from a single mechanism (e.g., spin-rota
tion) which is a complicated function of TR, or else 
there are two independent relaxation processes that 
are contributing to w.{0). Note that if Eq. (4. 7) is 
extrapolated to shorter TR and subtracted from Eq. 
(4. 6), then the residual w;(o) a T;

1
•
1
•

0
•
3

, which is 
the expected result for the usual spin-rotational 
relaxation: 

(4. 8a) 

where we have used 

(4. 8b) 

and the value of w;(0)= 5. 7 x 105 sec·1 for TR"' 3. 5 
x 10·12 compares well to 7. 1 x 105 sec·1 from Eq. 
(4. 8). If Eq. ('1. 7) results from another spin-re
laxation mechanism, then it is interesting to note 
from Fig. 7 that it predominates for TR > 3 x 10·11 

sec or for about the same range that the anomalous 
residual portion of the linewidth (cf. Fig. 5) is im-

portant. The alternative possibility that both the 
anomalous T2 and w. behavior for TR > 3 x 10·11 sec 
is due to unusual features in the spin-rotational re
laxation cannot be entirely ruled out. Thus, for ex
ample, we note that Krynicki and Powles28 have 
found from their analysis of proton NMR T1 data in 
HCl, that T J, the spin-rotational correlation time 
is nearly constant for T< 0 °C even increasing slight
ly instead of the expected T J a T'j/ a T/ri. This cur
vature is not entirely unlike our results for w. (0) in 
Fig. 9, but we cannot justify the large discrepancy 
between 2W.(0) and the residual A behavior for TR 

> 3X 10·11 sec, which is of the type implying that 
nonsecular contributions are weaker than secular 
ones. 29 

The temperature dependence of w. for PADS in 
aqueous glycerol solutions is given in Fig. 9. For 
0%, 50%, and 85% glycerol-H20 solutions, the "ac
tivation energy" is 2.5±0.1, 3.5±0.1, and 3.2 
± 0, 6 kcal/mole, respectively. The results for 50% 
and 85% glycerol-H20 can be compared to the 10.4 
±0.2 and 11.3±0.1 kcal/mole activation energyob
tained for reorientation (cf. I). Thus for these two 
solvents, the "activation energy" for w., within ex
perimental error, is independent of glycerol-H20 
composition and substantially smaller than for re
orientation. These results suggest that if w. does 

A 

B 

C 

FIG. 10. Experimental spectra for PADS in 85% glyc
erol-Hp at T=-29°C and (A) de=0.026 G, (B) d

8
=0.083 

G, and (C) de=0.45 G. 
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FIG. 11. Experimental spectra for PADS in 85% glyc
erol-H2O at T=6l°C and (A) d8 =0.019 G, (B) de=0.061 
G, and (C) de=0.45 G. 

originate from a spin-rotational interaction, then 
changes in the angular momentum associated with 
the short time (and less restricted) behavior of the 
reorientation may contribute to the spin relaxation. 
Thus, for example, perhaps angular momentum 
fluctuations associated with torsional oscillations 
could result in an appreciable spin-rotational re
laxation even when the reorientational motion is ef
fectively retarded by the large solvent viscosities. 

The values of w. obtained from the analysis of the 
saturated slow-motional line shapes (cf. Sec. IVB) 
are in good agreement with the extrapolated w. ver
sus 1/T results for 85% glycerol-H2O as shown in 
Fig. 9. This indicates that the mechanism for elec
tron spin flips remains unchanged even for reorien
tation as slow as 1' R"' 2 x 10-7 sec. 

B. Saturation in the Slow-Motional Region 

Saturation studies were performed on PADS in 
85% glycerol-H2Ofor -29°C>T>-93°C. In this 
temperature range, TR was estimated by extrapolat
ing the least-squares fit of TR vs 1/T (cf. Fig. 10 
of I) for the motional-narrowing region, to lower 
temperatures. These 1' R values are given in Table 
IV. Within experimental error, these extrapolated 
TR values agree with those obtained from the method 
described in Ref. 4 based on simulations of unsatu
rated slow-tumbling spectra, Selected saturated 
line shapes are shown in Figs. 10-12 for T= - 29, 
- 61, and -93 °C, respectively. A comparison of 
the saturated versus unsaturated experimental 

spectra indicate that the general features of the sat
urated spectra are very sensitive to the microwave 
field strength and the rotational correlation time. 
For T?. - 61 °C, the effect of increasing the micro
wave power is to first maximize the center line, 
then the low field extrema and finally the high field 
extrema of the slow-motional spectra. At large 
microwave field strengths (e.g., d. = 0. 45 G, see 
below, or 350 mW with Q=7800), the observed 
spectra (cf. curves C) are dominated by the outer 
hyperfine extrema, while the central region is al
most completely saturated. This contrasts greatly 
with the unsaturated spectra at these temperatures 
(cf. curves A). For T= -93 °C, the spectrum satu
rated more uniformly and, within experimental er
ror, the central region and the outer hyperfine ex
trema maximize at the same microwave power. 
These results can be expressed quantitatively in 
terms of dmax(M). Here M of -1, 0, and+ 1 corre
spond to the low field extrema, central region, and 
high field region, respectively, while d. =½I y. I B1 

and dmax gives the microwave field strength at which 
these regions of the spectra maximize. The varia
tion of dmax( + 1 )/ dmax( - 1) and dmax( + 1 )/ dmax(0) with 
TR is given in Fig. 13, while curves B of Figs. 10-
12 are for dmax(0). The value of dmax(+l)/dmax(0) 
and dmax( + 1 )/ dmax( - 1) vary from 3. 2 ± 0. 3 and 1. 8 
± 0. 2 for TR= 9. 4X 10-9 sec to -1 for T= -93 °C and 
1' R - 4 x 10-5 sec. A comparison of the results for 

FIG. 12. Experimental spectra for PADS in 85% glyc
erol-H2O at T=-93°C and (A) d

0
=0,0041 G, (B) d

8 

= 0. 013 G, and (C) de= 0. 45 G. 
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dmox(+I) 

dmox(O) "- T 
3.0 "' • . . ~"-• 
2.5 ■ ,i "'· ' 

" ::::::::-1---..__~ 
1.5 g ◊ ij ◊ 1'-8-~---8~ 

1.0 • o Experimental Points ~

■ D Brownian Diffusion X ~ l G 

• A Brownian Diffusion X = O.lG 

♦ ◊ Free Diffusion X?: I G 

FIG. 13. Variation of dmax(+l)/dn,ax(O) and dmax(+l)/ 
dmax(-1) with TR- Solid lines are drawn through the ex
perimental points. 

T== - 61 °C (TR== 3 x 10-7 sec) and T== -93 °C indicate 
that the saturated ESR line shapes and the relative 
values of dmaxW) differ even though their unsatu
rated spectra are virtually superimposable. Thus it 
could be possible to utilize the relative values of 
dmax, as shown in Fig. 13 as a means to determine 
TR for longer correlation times than is possible 
from TR dependent variations of the unsaturated 
line shape. 

In order to analyze the results in Figs. 10-13, 
etc. the experimentally observed spectra for PADS 
were compared to simulated saturated slow-motion
al line shapes calculated using th~ methods devel
oped in I, but extended for the simulation of satu
rated I== 1, S == ½ nitroxide spectra (cf. Appendix A). 
In order to minimize computer time the dipolar and 
g tensors were taken to be axially symmetric, and 
isotropic reorientation was assumed (although com
plete expressions, not involving these assumptions, 
are given elsewhere). 30 The model dependence of 
the reorientation was introduced in the same man
ner as I while an orientation-independent We was 
generally assumed, and it was further assumed that 
Wn would be predominantly due to the pseudosecular 
dipolar terms explicitly included, so that no appre
ciable intrinsic Wn term had to be introduced, (cf. 
Appendix A). 

Saturated slow-motional nitroxide spectra were 
simulated for both Brownian and free diffusion re
orientation models for a variety of cases. 16 Typi -
cal spectra simulated for Brownian diffusion with 
TR of 9 x 10-9 sec are shown in Fig. 14, while free 
diffusion (or equivalently moderate jump) simula
tions are shown in Fig, 15. For these calculated 
line shapes, the residual Lorentzian: first derivative 
width was chosen to approximately match the exper
imentally observed glycerol-H2O widths. The ini-

tial choice of w. was based on the extrapolation of 
the least-squares fit of We versus TR for 85% glyc
erol-H2O in Fig. 8. A, B, and C in each figure 
correspond to microwave field strengths of de 
« dmax(O ), de"" dmax(O ), and de» dmax(O ), respectively. 
Comparisons of simulated with observed spectra 
(e. g. , Fig. 10 vs Figs. 14 and 15 ), indicate that the 
general features of curves for both the Brownian 
and free diffusion models are very similar to the 
corresponding experimental spectra. The spectral 
features of the simulated spectra that are associ
ated with the model dependence of the reorientation 
are broadened at large microwave field strengths. 
Thus the qualitative characteristics of the line 
shape are only model dependent for unsaturated or 
weakly saturated spectra. Since the approximation 
of an axialg-tensor and isotropic reorientation does 
affect the detailed simulated line shapes, the calcu
lated and experimental spectra do show differences 
in a detailed comparison. 

The variation of dmax (+ 1)/dmax(O) and dmax( + 1)/ 
dmax( - 1) with TR for the simulated line shapes is 
given in Fig. 13 for Brownian and free diffusion 
with 9 x 10-9 sec< TR < 2 x 10-6 sec. The calculated 
results show, in general, reasonable agreement 
with the experimental ones considering our approx-

B 

C 

-40 -30 -20 -10 0 10 20 30 40 50 

Gauss 

FIG. 14. Slow-motional spectra simulated for Brown
ian diffusion with TR= 9x 10-9 sec, X= 1. 0 G, W,= 8. 8 x 104 

sec-1, and (A) a.=0.03 G, (B) a.=0.10 G, and (C) de=0.47 
G. To be compared with the experimental results in 
Fig. 10. 
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imations. For TR,:S2x10-s sec, the calculated val
ues of dmu( + 1 )/ dmax(0) and dmu( + 1 )/ dmu( - 1) for 
Brownian and free diffusion models are somewhat 
smaller than the values observed experimentally. 
For dmax( + 1 )/ dmu(0 ), good agreement with the ex
perimental results is obtained for some of the cal
culations in the region 2X 10-s sec <TR< 1 x 10-'l sec. 
For TR> 1 x 10-'l sec, however, the calculated value 
of dmu( + 1 )/ dmu(0) again differs somewhat from the 
experimentally observed results. The agreement 
for dmu( + 1 )/ dmax< - 1) is somewhat better, with 
good agreement for TR> 2x 10-s sec. The saturation 
behavior of these spectra does not exhibit any sig
nificant model dependence. This suggests that the 
dmu(.M) values are determined more by TR than by 
the specific model for TR. 

One obvious reason for the discrepancy between 
experimental and calculated values for dmu(M)/ 
dmu(M') for certain TR values is the approximation 
of an axial g-tensor and isotropic reorientation. 
These simplifying assumptions affect the line shape 
and widths of the entire spectrum for TR .S 2 x 10-s 
sec and the shape of the central region of the spec
trum for TR~ 2 x 10-s sec. For these longer TR val
ues, the shape of the outer hyperfine extrema is 
virtually independent of the g-tensor values (cf. I). 
For the overlapped central region of the spectrum, 

C 

-40 -30 -20 -10 0 10 20 30 40 50 

Gauss 

FIG. 15. Slow-motional spectra simulated for free 
diffutsion with TR= 9 x 10-9 sec, X = 1. 0 G, We= 8. 8 x 104 

sec-1, and (A) de= 0. 03 G, (B) de= 0.10 G, and (C) de 
= 0. 47 G. To be compared with the experimental results 
in Fig. 10. 

the relative peak-to-peak derivative width of the ex
perimental and simulated spectra varies with TR. 

For TR= 9 x 10-9 sec, the center line of the unsatu
rated spectrum simulated for free diffusion is about 
O. 6 G or 16% broader than the comparable experi
mental spectrum. The width difference increases 
to about 1 G or 25% broader for free diffusion and 
TR= 2 xio- 8 sec. For longer TR values, however, the 
experimental width of the center line increases 
more rapidly than the comparable width for the 
simulated line shapes. For TR = 2 x 10-s sec, the 
peak-to-peak derivative width of the asymmetric 
center line of the experimental unsaturated spec
trum is 8 G. For the simulated spectrum, the 
over -all spread of the central region is about 8 G, 
but there is some resolvable structure to the cen
ter line. The narrower lines result from the de -
creased overlap due to the assumed axial symmetry 
versus an experimental asymmetric g tensor. Thus 
the effective width of the central region is smaller 
for the simulated versus experimental spectra for 
long TR. 

It is expected that these width and line shape dif
ferences will affect the detailed saturation behavior 
of the simulated versus experimental line shapes 
and the relative values of dmu(+ 1)/dmu(O). For a 
first derivative Lorentzian line shape, for example, 

(4. 9) 

(with C = ½) and dmu varies as the square root of the 
linewidth. The agreement between the experimen
tal and calculated values of dmu( + 1 )/ dmu( - 1) for 
TR~ 2 x 10-s sec indicates that the predictions of the 
saturation theory are accurate in the regions of the 
spectrum where the contributions of the g-tensor 
components are insignificant. The agreement be -
tween the experimental and calculated dmu( + 1 )/ 
dmu(0) ratios over the range of TR values where the 
over-all line shape of the simulated and experimen
tal spectra are closest suggests that the lack of 
complete agreement for other TR values is due to 
the obvious line shape differences between the 
spectra. 

The effect of varying X, the residual width, on 
the calculated values of dmu(M) was examined for 
two TR values. For Brownian diffusion and TR = 3 
x 10-s sec, spectra were simulated for X = 1. 2 and 
0.1 G. This corresponds to a 20% decrease in the 
over-all width of the M=0 line. The 4 G derivative 
width for the latter is the same as the experimental 
M=0 width for T= -41 °C. The 10% decrease ob
served in the calculated dmu(0) is consistent with 
Eq. (4.9) even though the shape of the M=0 linede
viates from a Lorentzian for this values (cf. Fig. 
15). For the 0.1 G residual width, the experimen
tal and calculated values of dmax( + 1 )/ dmax(0) and 
dmax( + 1 )/ dmax( - 1) agree within experimental error 
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(cf. Fig. 13). A similar variation of dmax(O) with 
Xis observed for longer TR values. When Xis de
creased from 2 to O. 1 G for Brownian diffusion and 
TR= 1 X 10-7 sec, the values of dmax(O), dmax( -1), and 
dmax( + 1) decrease by 20%, 10%, and -O%, respec
tively. The 20% decrease in dmax(O) is consistent 
with Eq. (4. 9) and the approximate 33% decrease of 
the peak-to-peak derivative width of the center line. 
For this value of TR, these changes in dmax do not 
improve the agreement in Fig. 13. These results 
indicate that Eq. (4. 9) where the peak-to-peak de
rivative width is substituted for T21, can be used to 
approximately describe the linewidth dependence of 
dmax(O), 

The effect of varying w. and the residual width 
X on the calculated values of dmax was also exam
ined. The dependence of dmax(M) on w. can approx
imately be fit to 

d~ax(M)= C(M) W,(O), (4.10) 

where C(M) is a constant for a given value of TR and 
X. [This relation is similar to the saturation be
havior of a motionally narrowed first derivative 
line cf. Eq. (4. 9).] Within the error of the calcu
lation, the ratios of the dmax(M) are not affected by 
reasonable changes in W,. 

It should be noted that for long TR, i.e., TR> 1 
x 10-7 sec, the residual width is largely due to in
homogeneous broadening mainly from unresolved 
electron-solvent dipolar interactions and from site 
variations in the magnetic tensors. In the simu
lated spectra, the residual width is treated as a 
homogeneous broadening. Thus for TR= 1 x 10-7 sec, 
where the residual width is on the order of twice 
the motional width arising from time-dependent 
modulation of JC 1 (0), neither the assumption of X 
= 2 or 0.1 G accurately describes the experimental 
spectra. Due to the fact that an inhomogeneously 
broadened line saturates differently from a homo
geneously broadened line of the same width, a better 
analysis for long TR should be achieved by convolut
ing the line shapes obtained from our slow-tum
bling analysis, with a shape function representing 
the inhomogeneous broadening in the usual manner. 3oa 

While the slow-tumbling saturation expressions 
are complex (cf. Ref. 30) and hence not easily ame
nable to analysis, there are some relevant features 
which may be seen from the much simpler expres -
sions for a single-line spectrum (cf. II). In this 
case the effect of W, and d; appears only in the 
term: 4d;/[2W,+L(L+l)BLR] for each coeffi
cient (i.e., the cf ,M of Appendix A) corresponding 
to a different value of L (where BL is the model pa
rameter, cf. I). This expression for L = 0 is just 
the normal one for saturation of a motionally nar -
rowed line. As the different coefficients of L > 0 

are coupled in due to the slowed motion, the full de
nominator becomes important. In fact for Ti1 = 6B.fi 
» zw., which is always true in the present study, 
the effect of w. is negligible except for the L = 0 
term. It appears, therefore, from Eq. (4.10) that 
the dominant saturation behavior is determined by 
the behavior of the L = 0 coefficients in the region of 
a.(max). The model parameter BL which ranges 
from unity to [L(L + 1)]"1, depending upon model (cf. 
I), should have marginal effect on the saturation be
havior, beyond its general effects on the unsatu
rated spectrum, as it deviates from a Brownian 
motion value of BL= 1, viz., to cause a more rapid 
onset of slow-tumbling as TR increases. (Further 
points, based on a careful analysis of the complete 
equations, are made in Appendix A. ) 

However, one might wish to introduce an orienta
tion-dependent w. to try to explain a discrepancy 
for TR >2X10-7 sec. In particular one might let w. 
=A+Bcos2 0, where 0 is the polar angle; then inthe 
rigid limit, the central region of the spectrum, as
sociated with the x and y molecular axes parallel to 
B0 (0=rr/2, W,=A) would have a different w. thanthe 
outer extrema, which are associated with the z-mo
lecular axis parallel to B0(0=0, W,=A+B). The 
simple use of Eq. (4.9) and Fig. 13 would suggest 
that for TR=2X10-7 sec, B"" -A/3. However, this 
approach appears inadequate on two counts: (1) the 
discussion in Appendix B for orientation-dependent 
spin-rotational relaxation shows that W~ should be 
about twice as great for 0 = 0 as for 0 = rr/2, or the 
reverse of the observed trend, as a result of the 
fact that g.u -g."" O; however even more significant
ly: (2) the orientation-dependent term B cos2 0 
would still be expected to average out as long as 
W,TR«l (note W•TR""7X10-3 forTR=2X10-7)by 
virtue of the fact that it would only couple coeffi
cients of different L value (i.e., it gives off-diag
onal matrix elements of Cl in Eq. (A6) of Appendix 
A, while the relevant diagonal elements go as 
L(L+l)BLR). 31 

The possible effects of nonnegligible, intrinsic 
Wn's as well as those of short-time nondiffusive ef
fects on the nuclear-spin-flip transitions induced by 
the dipolar terms when Tj/ ;s Ir. I aN (by analogy with 
the possible short-time nondiffusive effects on non
secular terms when w. TR~ 1 discussed in Sec. III) 
has yet to be considered. Note however, that for 
Wn TR « 1, only the orientation invariant or average 
values of Wn would be needed (for the same reason 
as that for w. given above). 

The above comments must remain somewhat un
certain until accurate simulations are performed 
for an asymmetric nitroxide with inhomogeneous 
line broadening and more work is done for longer 
TR values. Additional experiments on a completely 
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deuterated system would also be useful since it 
would reduce somewhat the ambiguity resulting 
from the presence of inhomogeneous line broaden
ing. However, the semiquantitative agreement that 
is obtained for the PADS system demonstrates the 
applicability of this approach to the interpretation 
of saturated ESR line shapes in terms of reorienta
tional and spin relaxation parameters. 

The above complications notwithstanding, it is 
still possible to estimate We in the slow-motional 
region from the experimental saturation results. 
When Eq. (4. 9) is employed, a comparison of 
dmax(M) versus TR for the simulated and experimen
tal line shapes gives a value of W., for each region 
of the experimental spectrum. The average of 
these three values for results in the range of T 
=- 29 to-61 °C is given in Fig. 9. Within the approxi
mately ± 30% error in the calculation, the calculated 
values of W., in the slow-motional region agree with 
the extrapolated least square fit of W.,(O) vs 1/T for 
85% glycerol-H2O in the motional-narrowing region. 

V. SUMMARY AND CONCLUSIONS 

One of the main results of this work has been to 
demonstrate that saturation studies may be effec
tively extended from the motional narrowing region 
to the slow-tumbling region. By means of the sto
chastic-Liouville method we have been able to pre
dict spectra as a function of microwave power which 
have the same general features as those observed 
experimentally, even though, for convenience in 
this work, we used the approximations of an axially 
symmetric g-tensor, isotropic rotational reorienta
tion, and homogeneous intrinsic widths. We have 
been able to extract out a rotationally invariant We 

in the slow-motional region and have found that our 
results agree with the values of w. extrapolated 
from the motional-narrowing region. Also our 
analysis implies that as long as w. TR« 1, any ori
entation-dependent contributions to w. should have 
its effects averaged out. The observed variations 
in the relative saturation behavior for different 
portions of the spectrum as a function of TR were 
only approximately reproduced in our analysis, 
presumably largely due to our simplifying assump
tions. But such variations should potentially be 
useful in extending the range over which TR is mea
surable to longer values. On the other hand, we 
have found from our analysis that slow-tumbling 
saturation studies are not useful for obtaining in
formation about models of rotational reorientation: 
the saturated line shapes become less sensitive to 
model dependence than the unsaturated shapes, and 
the use of a moderate jump or a free-diffusion mod
el in place of a Brownian motion model does not 
significantly alter the results obtained for w. or 
the relative saturation behavior of different regions 

of the spectrum. 

The motional-narrowing saturation results were 
successfully analyzed in terms of the proper mo
tional-narrowing theory yielding also generally 
good agreement with the variation in T1 amongst 
the hyperfine lines. These results for glycerol
H2O solvent including those in the slow-tumbling 
region show that w. is only a weak function of TR 

(i.e., TR- 114) although in aqueous solvent w. de
pends more strongly on TR• This observation has 
been discussed in terms of spin-rotational relaxa
tion, although no definite conclusions were reached. 

The studies of the motional-narrowing unsaturated 
line shapes for PADS in a variety of glycerol-H2O 
solvents for X-band as well as a study at 35 GHz 
and a study of 17O-labeled PADS supplied us with 
several independent checks on our results for TR 

and N, the ratio of the two components of the axially 
symmetric diffusion tensor. (None of the experi
ments proved to be sensitive to deviations from ax
ial symmetry. ) Excellent agreement was achieved 
for the results of the different experiments (yield
ing N0z4. 7), thus enhancing our conviction about the 
effectiveness and accuracy of obtaining such infor
mation on rotational motion in liquids by ESR tech
niques. However, these experiments demonstrated 
that for TR~ w;j1 = 1. 7 x 10-11 sec anomalous behavior, 
which could be attributed to the nonsecular spectral 
densities, does indeed occur. The results on 17O
labeled PADS, which could only be carefully studied 
for TR< 5 x 10-12 sec, indicate, however, that for 
(w0T R)2 « 1 the nonsecular spectral densities assoc
iated with the linewidth contribution due to 170 are 
no longer anomalous. Simple analyses of these re
sults for the nonsecular spectral densities are 
given in terms of nondiffusive (or non-Markovian) 
behavior of the rotational motion. An analysis 
based on a simple model of inertial effects does 
not appear to "explain" our observations. However, 
a more phenomenological treatment based on the 
memory function (or relaxing cage) approach was 
found to be able to qualitatively reproduce some 
features by the use of large values for Tc, the 
"cage-relaxation time for a Gaussian decay," i.e., 
Tc~ TR, implying large deviations from simple dif
fusive motion. 

APPENDIX A: SLOW-TUMBLING-SATURATION SIMULATIONS 

The general methods for simulation of saturated 
ESR spectra are discussed in II. We wish to out
line here (1) the generalizations required for nitro
xide spectra over a simple one-line ESR spectrum 
and (2) more efficient computational methods. 30 

The energy levels are properly labeled in Fig. 
4B of II and the resonance frequencies for the ESR 
allowed and forbidden transitions appear in Eqs. 
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(Al )-(A6) of I. In addition to these nine frequen
cies, NMR transition frequencies will be needed. 
[Their coefficients are coupled by the pseudosecu
lar terms in JC1 (n) to the coefficients for the six 
eigenstates.] These frequencies are 

(Al) 

The above equations label the transitions. wiJ 

(e.g., w4 b) refers to the transition frequency from 
level i to level j. Also w" is the NMR Larmour 
frequency due to the Zeeman term, and b is the hy
perfine term. For axially symmetric g-tensor and 
electron-nuclear dipolar tensor, JC1 (n) the orienta
tion dependent perturbation is given by Eq. (3. 8) 
of I where nonsecular terms (S±) have been ne
glected, while the more general expressions are 
given by Bruno. 30 The procedure now is to sub
stitute the appropriate expressions for JC1 (n), into 
a generalized form of the expressions given in II 
for the stochastic-Liouville method as solved in 
terms of the normalized eigenfunctions Gm(n) (with 
eigenvalues r;;,1) of the rotational diffusion operator, 
[cf. Eqs. (48) and (53) of II]: 

[ (nw -w"' 8 ) -ir;;,1][C~">]"' 8 +.0jduG!,(D)Gm, (U) 
m' 

d {[c<n-ll] [c<n-ll] } + • m a<(+),8- m a<,8(-) 

=qw"'8d•6"',8(-)0n,10m,O , (A2) 

where [ c~n> ]"'8 refers to the expansion coefficient 
for the mth eigenfunction at the nth harmonic of the 
rf resonant field and is the matrix element between 
eigenstates a and~ of JC0, the zero-order Hamil
tonian. Also d.= ½r.B1 • Other definitions are as 
in I and II. The subscripts a(±) and ,8(±) refer to 
states which differ from a, ,B by having their value 
of m 5 raised (+) or lowered (-) by one. If no such 
state exists, the term is zero. 

The effect of the radiation field is to require 
terms for harmonics n=O and n= l(cf.11). The 
pseudosecular terms in JC1 (0) result in the coupling 
of the n = 0 NMR transition terms to the six ESR 
eigenstate terms (or the three eigenstate pair 
terms). Just as a rotationally invariant T,-.~ 
= (2W.) had been introduced into the two level sys
tem in II, a similar treatment may be used to in
clude a rotationally invariant T1-,

1
4 (e) = 2W. as well 

as a rotationally invariant T1-,
1.(n)= 2Wn, where W,, 

is the lattice-induced nuclear spin flip rate into the 
six level system. A proper analysis of the rota
tionally invariant w. and W,, in terms of the transi
tion-probability matrix8 shows that one may merely 
modify Eq. (A2) for n = 0 by the following substitu
tions: 

T;;,'[c:,?>] •• - (r;;,1+ W.+ Wn)[C~>Jaa -W.[c:,?>Ja•a• 

- Wn [C~Ol]bb , (A3a) 

T;;,'[C~Ol]bb- (T;,.1+ W• +2Wn)[C:,?>]bb - We[C~0>]b'b' 

- Wn[c~>Jaa - Wn[c~>Jcc , 

T;,.1[c~0>Jcc- (r;,.1 + w.+ Wn)[c~>Jcc - W,,[C~0>Jc,c• 

(A3b) 

- Wn[c~O)]bb (A3c) 

with the three additional expressions obtained by 
exchanging primed and unprimed subscripts (e.g., 
a - a' and a' - a). In addition to these, the n = 0 nu
clear spin transition terms require the following 
substitutions: 

r;;,1[C~Ol]u- (T;;,1 + W. + T2,n(0f1
)[ c:,?>];J - W,[ c:,?>];• J'' 

(A4) 

where ij and i 'j' refer to the NMR transitions of 
Eqs. (Al). Again further needed substitutions are 
obtained by exchanging the primed and unprimed 
subscripts. It was shown in II that setting wn = 0 
is an excellent approximation for simulating line 
shapes and it leads to considerable simplification 
of the equations. It is even more helpful for the 
saturation equations, because of their inclusion of 
the nuclear spin transitions. As a result of the 
symmetries one has only to consider the following 
linear combinations: 

cL (O) (10 11) = 2-112[ cL (O! (10) + cL(O) (11 )] K,1 , K,.1 K,•1 , 

cLrn>(14 15)= 2-112[cL<0>(14)-cL<0>(15)J K,2 , K,2 K,-2 , 

[where the superbars are defined by Eq. (AB) of I], 
and we have let Gm (0)-~JD). The resulting equa
tions for the general case (including anisotropic mag
netic parameters and diffusion and orientation-depen
dent widths, We and W") are given in Bruno's thesis. 30 

The numerical solution of the coupled equations 
for the coefficients can be accomplished by methods 
very similar to those used for unsaturated spectra 
(cf. I and II). The straightforward method is a 
back substitution technique, such as Gaussian elim
ination. Here, the most convenient procedure is to 
separate the coupled equations into their real and 
imaginary parts, as was done in II for a simple 
single line case, and then solve the resulting real 
equations. 

The other method is to use a diagonalization 
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technique whereby a single diagonalization is 
needed to generate a spectrum. The two desirable 
characteristics required for this method to be ef -
fective are that (1) the matrix to be diagonalized 
have the sweep variable appearing only as a con
stant along the diagonal elements and (2) the ma
trix should be symmetric. Unfortunately, the sep
aration of the equations into real and imaginary 
parts results in a set of equations which cannot be 
simply symmetrized. Instead, one may write 
down expressions for the Ci '.'JI (j) and their complex 
conjugates, while recognizing that the ~'.8l(j)(de
fined as the difference between cf :_g> {j) represent
ing an eigenstate pair (cf. II) are real. One 
then achieves a symmetric matrix in terms of 
the coefficients Ci'.l/ (j) and iCit1>* (j) for the 
three allowed and three average forbidden ESR 
transitions, also the ct'1/ (j) and - C~~']} (j) for 
the three average NMR transitions of Eq. (A5), 
and finally the 3 1itg> (j). 

Inspection of the resulting equations shows that 
the sweep variable w. only appears along the di
agonal elements for then= 1 coefficients, and is 
totally absent from the n=O terms. One may han
dle such cases by a simple partitioning technique. 
That is, the coupled equations obey the matrix 
equation 

<lC=U (A6) 

which we partition according to whether the diag
onal term in <1 contains w ., as 

/<loo <!01) /Co)-(0 ) 
\610 611 \C1 - U1 • 

The subvector of coefficients C0 represents all the 
n = 0 coefficients while C1 represents all the n = 1 
coefficients. Since<! is symmetric, one has <!00 and 
«1~= a01 . Since one is only interested in coeffi
cients of the allowed transitions (cf. I and II) con
tained in (1 1 it is sufficient to solve the reduced ma
trix equation 

a;1c1 = U1 

where 

a;l = «11 - <l1o(Cloor
1
ao1 

(A7) 

(AB) 

This partition method, in effect, adds terms which 
are proportional to d! to the matrix elements of the 
a11 • Since these added matrix elements form a 
complex symmetric matrix themselves (because of 
the symmetry of <l itself) and they do not contain 
the sweep variable w., the modified matrix a; 1 re
tains its symmetry and has w. as a constant along 
its diagonal. Thus <1{1 may be diagonalized with 
only one diagonalization per spectrum required. 
Also it is only necessary to first invert <1 00 once. 
The computer program for simulating saturated 

line shapes for an axial nitroxide is also listed in 
Bruno's thesis. 30 It allows for the <1{ 1 to be banded 
by truncating small terms involving ~ that are out
side an appropriate bandwidth. 32 

We have studied the importance of saturation ef
fects on the different coefficients ctM(i) by exam
ining the a;1 matrix of Eq. (AB) obtained from typi
cal computer simulations for R» We, We find that 
the saturation terms involving d! are very small for 
all matrix elements of a;1 involving ctM(i), where 
L > 0. This confirms our simpler discussion given 
in Sec. III. B. Thus only the C8,0(i) and C8,0 (i)* 
terms are significantly affected for R » w.. In 
particular (1) the cg O (i) terms for i = 1, 2, and 3 
are coupled strongly' by terms in ~ presumably due 
to coupled relaxation effects analogous to those 
seen in the motional narrowing region when b ~ 1; 
2) C8, 0(i) and C8, 0(i)* are coupled strongly by terms 
in~. and there is a large Im part of the diagonal 
contribution to C8, 0(i), both of which are pure sat
uration effects. These observations suggest that 
much more compact computer programs for R » w. 
may be written by first (1) diagonalizing the unsat
urated equations for all coefficients for Lia::2 in the 
usual manner, and then (2) algebraically solving 
for the separate Real and Imaginary parts of the 
cg,0(i) [to which the appropriate saturation terms 
from Eq. (AS) have been added] in terms of their 
coupling to the coefficients for L~ 2. This is anal
ogous to an illustrative method given in Appendix 
A of II for a simpler case not involving saturation. 

APPENDIX B: ORIENTATION-DEPENDENT SPIN
ROTATIONAL RELAXATION 

One may develop simple orientation-dependent 
spin-rotational relaxation expressions based on 
Atkins's approximate analysis, 33 by assuming with 
him that (1) angular momentum relaxation and ori
entational relaxation are uncorrelated (but see 
Freed)34 and (2) the angular momentum relaxation 
is naturally defined in the molecular frame. One 
then gets 

~ = (kT/2fi2 ) (10 [-r .,,0/ (1 + w!-rt 0 )]c!. sin2 0+ 11 

X[T .r,i/(1 +w~~ ,1)]{C;x+C;y-½sin28 

X [ C;x + C;y) + (C;x - c;y) cos2rp ]} ) (Bla) 

and 

T2-
1(sec)SR = (k T/lf,){10T., ,0c;. cos20 +11-r., ,1 (sin20/2) 

X [ C;x + C;y + (C;x - C;y) cos2rp ]}. (Blb) 

Here / 0 and 11 are the two principal moments of in
ertia (assuming axial symmetry) and 'T .,, 0 and 'T .r.i 

are the corresponding angular momentum relax
ation times. Also 11 is the angle between molec
ular and lab z axes, and rp is the azimuthal angle 
such that when a= 0, the projection of the magnetic 



Downloaded 28 Jan 2010 to 128.253.229.158. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

3090 GOLDMAN, BRUNO, AND FREED 

field in the molecular x-y plane is along the mo
lecular x axis. T2"

1 (sec )SR represents only the 
secular contributuion to the linewidth. 

One may usually approximate the spin-rotation 
tensor components C;; ~ -fil.gii -ge)/Iii. Thus for 
a nitroxide radical, since g .. - ge"" O, only the C"" 
and Cyy terms in Eqs. (Bl) should dominate. Then 
for 8 = 0, corresponding to the outer lines of the 
near rigid nitroxide spectrum: 

~"" (kT/2/r) [11T J" ,i/U +w;T) ,1)] (C~"+ ~y) , (B2a) 

(B2b) 

while for 8 = rr/2 corresponding to the central re
gion: 

W~"" (kT/4fi2 ) [11 TJ/ (1 + w;T~)[C~"+ ~y) 

- (C~" - C;y) cos2a] (B3a) 

and 

x cos2a] . (B3b) 
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