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A detailed analysis of line shapes and relaxation is made for the perdeuterated 2,2,6,6-tetramethyl-4-piper- 
idone N-oxide (PD-Tempone) nitroxide radical covering the whole range from fast motional narrowing ( TR - 10-12 sec) to the rigid limit (TR - 10-6 sec) in several deuterated solvents. The slow tumbling results 
show particularly good agreement with the slow tumbling theory of Freed, et al., for a reorientational 
model of moderate jumps (ca. 50° rrns), and essentially isotropic reorientation. It is shown that while such 
a model may not be readily distinguished, purely from its slow tumbling spectral predictions, from a free 
diffusion model including inertial effects, the latter model is incompatible with most other considerations. 
However, a simple analysis explicitly including the fluctuating (or random) torques indicates that more 
fundamental analysis of the dynamics may explain the slow tumbling results without necessarily involving 
substantial jumps. The spectral analysis is considerably enhanced by the increased resolution obtained 
from the use of the perdeuterated spin probe and deuterated solvents. Careful analysis of results a t  X-band 
and 35 GHz has shown that the nonsecular spectral densities exhibit significant deviations from a Debye- 
like spectral density yielding results very similar to those recently reported for the peroxylaminedisulfon- 
ate (PADS) radical. Related observations are discussed of apparent non-Debye-like spectral densities in 
the incipient slow tumbling spectra. These anomalies are also found to be amenable to a unified explana- 
tion in terms of the fluctuating torques. The analysis of much of the results in terms of a simple model 
yields an rms value for the fluctuating torques of ca. A T  and TM - TR where TM is the relaxation time of 
the torques. The high-temperature electron-spin flip processes are consistent with a Hubbard-type spin- 
rotational mechanism, but the low-temperature results may be due to spin-rotational relaxation from in- 
tramolecular motions. The simple analysis of spin-rotational relaxation in terms of relaxation of the fluc- 
tuating torques is found to yield equivalent predictions to conventional treatments when the estimated 
values of rms torque and TM are used. 

I. Introduction 
In the earlier papers in this series, we have demonstrated 

the wide range of information which may be obtained from 
esr relaxation studies about rotational reorientation in liq- 
uids and frozen media when one carefully studies esr spec- 
tra over the full range from the very fast motional region to 
the rigid limit.2 In particular, it  was shown how the fast 
motional esr line widths, when carefully analyzed, yield 
very accurate values of the anisotropic rotational diffusion 
rates from the zero frequency or secular spectral densiti- 
es,2a while the nonsecular (microwave frequency) spectral 
densities may yield useful information about the frequency 
dependence of the rotational reorientational correlation 
functions, and these latter effects can to some extent be 
studied as a function of microwave frequency.2b It  was fur- 
ther shown how detailed analyses of the slow tumbling 
spectra (aided by extrapolation of the appropriate fast mo- 
tional results) may be very effectively analyzed to demon- 
strate that the molecular motions significantly deviate 
from that of a Brownian motion model.2a This is perhaps 
the only current experiment wherein a single experimental 
spectrum contains sufficient information to distinguish be- 
tween different molecular models for rotational reorienta- 
tion. Another source of useful information is saturation 

* Temporarily on leave at the Department of Physical Chemistry, 
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studies, and in part I1 we have shown how these may be ex- 
tended into the slow tumbling region. 

The studies reported in parts I and I1 were all performed 
using the free radical peroxylaminedisulfonate (PADS). 
This radical was chosen because its esr spectrum contains 
enough structure to supply useful information, and, unlike 
the commonly used nitroxide spin labels, its spectra do not 
suffer from inhomogeneous broadening due to unresolved 
intramolecular proton interactions which can dominate the 
intrinsic line widthe3 Accurate analyses for the interesting 
effects mentioned in the previous paragraph require, first 
of all, that well-resolved rigid limit spectra be obtained, 
from which it should be possible to directly measure the 
contributions from the magnetic tensors; and, furthermore, 
in the fast motional as well as the slow motional regions, 
the subtle relaxation features should not be obscured by 
the unresolved structure. On the other hand, the PADS 
radical is soluble only in water and aqueous glycerol, so it is 
not at all useful for studies of solvent-dependent effects. 
Also, it  would be desirable to take advantage of the wide 
variety of nitroxide spin labels of different sizes and shapes 
in such studies. We have found that a significant step in 
the direction of carrying out accurate spin relaxation stud- 
ies on (at least some) nitroxides may be achieved by the use 
of perdeuteration. We have synthesized the perdeuterated 
2,2,6,6-tetramethyl-4-piperidone N-oxide (PD-Tempone) 
shown in Figure 1 by standard  method^,^ and we have stud- 
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11. Experimental Methods 
Many of the experimental methods have been discussed 

in detail in parts I and 11. We give below only the relevant 
additions and differences. 

( A )  Preparation of Samples. PD-Tempone was prepared 
by the method described by Rozantsev4 for Tempone. Per- 
deuterated acetone, ammonia, and hydrogen peroxide were 
used. NaOD was prepared from D20. The Trilon B and so- 
dium tungstate were recrystallized three times from D20 in 
order to further assure that every exchangeable proton was 
replaced by deuterium. Proton nmr in the manner of Kreil- 
icksb (of partially and completely deuterated Tempone) 
confirmed the absence of protons in PD-Tempone. 

The perdeuterated toluene (Stohler Isotope Chemicals) 
was distilled under vacuum from a sodium mirror. The per- 
deuterated acetone (ICN) was used without further purifi- 
cation. The hydroxyl protons of glycerol (Matherson Cole- 
man and Bell) were repeatedly exchanged with D20. The 
proton nmr of the 85% solution was free of all but a trace of 
the hydroxyl-water peak. The radical solutions (1-10 X 

M )  were prepared with degassing on a vacuum line. 
( B )  Computer Interfacing. Line shape and line width 

analysis can be very time consuming without computer 
help. This is even more so for saturation measurements. 
Thus our spectrometers were interfaced with a PDP-9 com- 
puter. Since the output impedances of the two detection 
systems for E-12 and V4502 spectrometers are different, 
the former being low and the latter high, two interface 
units were built. We first describe the interfacing of the E- 
12 spectrometer. 

The interface for the y axis of the E-12 spectrometer em- 
ploys two differential amplifiers to provide high isolation 
from ground and to avoid loading the output of the E-12 
spectrometer. For the x axis there is a choice of using either 
the square waves generated by the stepping motor of the 
E-80A recorder or the timer internal to the computer. We 
have chosen to use the latter because the full resolution in 
the x axis is not needed nor does the computer have enough 
memory (only 20K). We now discuss the y axis in greater 
detail. [The circuit diagram for the y axis is given in Ap- 
pendix A.] We use for the input resistor a dual ten-turn 
10-kR feedback resistor. The ten-turn pot can vary from 
100 R to 10 kQ giving a variable gain of 100. The output of 
the two amplifiers is not a floating output. One of the out- 
puts is grounded at the AD converter such that the voltage 
is negative as required by the AD converter. A voltmeter 
helps the setting of the maximum gain for the signal. The 
basic interval of the timer used for the x axis is 1/60 sec so, 
for a 0.5-min scan, there are a maximum of 1800 points and 
a resolution of 0.06%. This is insignificant compared to the 
error of about 1% which is inherent in the spectrometer. To 
signal “start” and “stop” we used the same schematic as 
that of G ~ u g h , ~  although we find that in most circumstanc- 
es, the use of “start” provided by the start switch of the E- 
80A recorder is quite sufficient. 

The phase sensitive detection system used for the V4502 
spectrometer is a Keithley unit which has a 10-kR output 
impedance. The data acquisition amplifierlo we used for 
the Keithley unit is composed of three stages. In the first 
stage, the f terminals of the Keithley unit are connected to 
a differential input providing high isolation from ground. 
Two followers driving the inputs of a difference amplifier 
have been used (A and B), and the output is fed into com- 
mon-mode rejection stage composed of C. Any signal com- 
mon (Le., same phase and amplitude) is rejected by ap- 
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Figure 1. Perdeuterated 2,2,6,6-tetramethyl-4-piperidone N-oxide 
(PD-Tempone) showing molecular-fixed axis system. 

ied its spin relaxation behavior in a variety of different sol- 
vents. We have been able to achieve accuracy comparable 
to that previously obtained with the PADS radical.2 As will 
be shown below, the residual deuteron inhomogeneous 
broadening has only a marginal effect at  most, and one may 
readily introduce small corrections to take care of these ef- 
fects. 

The undeuterated Tempone radical has been the subject 
of other investigations. Several esr analyses in the motion- 
ally narrowed region have been made.31526 The conforma- 
tion of Tempone has been crystallographically determined 
to be in a twisted boat conformation with the C=O and 
N-0 bonds colinear, and, in the main, spherically symmet- 
ric. The bonds to the nitrogen atom lie approximately in a 
single planea7 [In solution a t  room temperature intercon- 
version between the two twisted boat conformations is ei- 
ther rapid and/or both methyl groups are at similar angles 
relative to the nitrogen 2p-7r orbital because only one 
methyl 13C hyperfine coupling constant of 5.7 G is obser- 
~ e d . ~ ” ]  Our esr studies focus primarily on the ofientation of 
the N10 fragment. Clearly the magnetic parameters associ- 
ated with the g tensor and the I4N hyperfine tensor are the 
same in magnitude in the two identical twisted boat confor- 
mations, but (at least for the hyperfine tendor), shifted in 
orientation. Strictly speaking then, it is the reorientation of 
this N.0 fragment (which could include a contribution 
from the interconversion if the rate of this process is not 
significantly slower than T R - ~ ,  the overall reorientational 
rate) which is being studied in this investigation. One 
would, however, expect, that any residual contributions 
from intramolecular processes would obey very different 
dependences on viscosity and temperature than exhibited 
for the overall molecular reorientation. 

We describe below the results of our studies with PD- 
Tempone. These results both amplify and support the ear- 
lier observations that were made on the PADS system. 
They also emphasize the importance of making accurate 
measurements of magnetic tensors, etc. in order that one 
can be confident of such features as anisotropic reorienta- 
tion, model dependence, and non-Debye-like spectral den- 
sities. We note in particular that our results on the PD- 
Tempone system also confirm the nonsecular spectral den- 
sities previously seen with the PADS system, and other re- 
lated anomalies are also reported which are associated with 
the pseudosecular and secular spectral densities. In an at- 
tempt to explain these spectral anomalies, we have consid- 
ered a more detailed analysis of the molecular dynamics 
and have included explicit effects from the fluctuating or 
random torques acting on the Tempone probe. We also 
show how such an analysis could give new meaning to the 
slow-tumbling model-dependent observations. 
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proximately 60 db. This stage also provides gain of ap- 
proximately 100. Signal from C is sent to offset stage D 
which provides -5 V operating point so that the output of 
the interface fits on a 0 to -10 V scale required by the AD 
converter. Note that the time constant is given by RC 
where R = 12.1 kQ and C = 0.047 KF. This gives 7 - 6 X 

sec. The offset of about -5 V is obtained from IR, 
where I = 15 VI36 kO and R = 12.1 kO. A schematic of the 
data acquisition amplifier is given in Appendix A. 

The program for data collection and analysis is written 
in Fortran for the PDP-9 computer. The data collection is 
activated when the carriage hits the short switch. This 
gives a -10 V signal to the AD converter which is con- 
trolled by the ADREAD subroutine. This subroutine com- 
mands the AD converter to convert an analog voltage of a 
certain channel to a digital number, which will take about 
40 psec, and provides the computer with this number. The 
timer is then started to run for 1/60 sec, then the channel 
for the y axis is read, and afterward the timer is stopped. 
This process is repeated for as long as the data points were 
collected. When all the data points are collected and di- 
mensioned, they are smoothed by a least-squares proce- 
dure,ll and the exact maxima are determined by fitting 
them to a quadratic or a cubic. The difference between the 
two maxima is the experimental line width. The scan is cal- 
ibrated by using a TCNE sample which has a hyperfine 
splitting of 1.575 G.12 

(C) Line Width Measurements. The line width and 
peak-to-peak heights obtained experimentally from the on- 
linle analysis are stored in the Dectape which can then be 
used to analyze the data when the spectrometer is not in 
use (e.g., while equilibrating between temperatures). The 
computer program for analyzing the data is written in such 
a way that one can use any one of the three line widths and 
all the three peak-to-peak heights to compute the three pa- 
rameters A, B, and C in eq l. The reason for doing this is 
that the error in the peak-to-peak heights is usually an 
order of magnitude less than that of the line widths. In 
order to utilize the peak-to-peak heights to compute the 
line widths, one must recognize that the line shapes are not 
strictly lorentzian in the presence of inhomogeneous broad- 
ening by the deuterons.3J3 The method for computing line 
widths from the peak-to-peak heights is described below. 

From an analysis of the line shape it is possible to deter- 
mine the deuteron hyperfine splitting, a D ,  and this is done 
for each of the solvents used and their values are listed in 
Table I. The line shape analysis is performed at  tempera- 
tures corresponding to minimum line widths. The comput- 
er simulation involves superimposing 25 equally spaced 
lines (spacing = a D )  of proper intensity distribution and of 
equal widths. I t  is then possible to determine a list consist- 
ing of three items, the “observed” line width, the “intrin- 
sic” line width, and the “square root of the peak-to-peak 
height.” In the computer memory, there are 450 arrays of 
these values, with the intrinsic line width ranging from 80 
mG to 4 G. The computer compares the experimental line 
width with the list of 450 observed line widths and interpo- 
lates to give the corresponding values of the intrinsic width 
and peak-to-peak height. By taking the square root of the 
latter, we can obtain a proportionality constant for normal- 
izing the two remaining experimental peak-to-peak 
heights. We can then use the same procedure to obtain the 
intrinsic line width except in this case we are starting from 
the peak-to-peak heights in order to obtain the correspond- 
ing “intrinsic” and “observed” line widths. The “observed” 

line widths are printed in the output for comparison with 
the experimental values to make sure that they are within 
experimental error. 

The three intrinsic line widths are fitted to the equation 

S ( M )  = A -I- BM + CM2 

where M is the spectral index number. The fractional er- 
rors in A, B, and C are also calculated in the computer 
analysis in the usual manner. The uncertainties in B and C 
are represented as error bars in the plot of C us. B for PD- 
Tempone in toluene-ds, cf. Figure 3, and that of A in the 
plot of A’ us. TR, cf. Figure 5C. 
(D) TI Measurement. The T1 was measured by the con- 

tinuous saturation method. We have measured T1 as a 
function of temperature for PD-Tempone in toluene-de 
and in 85% glycerol-Dz0. The standard procedure for mea- 
suring Q and hence the microwave magnetic field, B12, has 
been outlined in part 11. The Q factor for both toluene-dg 
and 85% glycerol-DzO are weakly increasing with decreas- 
ing temperature. The temperature ranges at which Q’s are 
determined are from 75 to -124O and from 30 to -62”, giv- 
ing Q values of 7872 to 8104 and 7964 to 8653 for toluene- 
d8 and 85% glycerol-D20. We have used two formats to de- 
termine TI. The first is the usual approach where line 
width squared is plotted as a function of microwave mag- 
netic field squared and from the slope one gets the TJT2 
ratio and the intercept, Tz. The second is to fix Tz by mea- 
suring the line width in the absence of saturation. [The ex- 
perimental line widths are all first corrected for inhomo- 
geneous broadening due to the 12 deuterons as already de- 
scribed.] Our results indicate the second approach is more 
accurate. Also implicit in the measurement of T1 is that the 
spin packets in the unresolved deuteron hyperfine struc- 
ture are not significantly coupled to each other by any re- 
laxation processes (i.e., We, a D  > WD, COHE where WD is the 
deuteron spin-flip rate and COHE the Heisenberg exchange 
frequency), a condition that is readily satisfied if concen- 
trations are kept low. 

111. Results 
A. Rigid Limit Simulations and Magnetic Parameters. 

Our rigid limit spectra and the best simulations for PD- 
Tempone in the different perdeuterated solvents are shown 
in Figure 2, and the magnetic parameters appear in Table 
I. The interpretation of line width studies in terms of the 
motion of PD-Tempone in solution depends directly on a 
determination of the hyperfine coupling tensor and g ten- 
sor in the particular solvent of interest. These parameters 
were, where possible, determined from spectra of PD-Tem- 
pone in an organic glass of a given solvent a t  temperatures 
low enough that the spectra were temperature indepen- 
dent. In the case of toluene14 and glycerol,15 it is known 
that there are no phase transitions in the viscous liquids 
over the temperature range of interest. Since acetone does 
not glass, only the magnetic parameters for the crystalline 
matrix could be determined. 

The detailed assignments of the magnetic hyperfine and 
g tensor parameters are illustrated in Figure 2A. Note that 
in general it is possible to read off the values of A, and g, 
from the spectrum itself. However, a correct assignment of 
A, and A,, and g, and g, requires detailed spectral simula- 
tion. 

The line width of the rigid limit spectra not only ob- 
scures the determination of the above magnetic parame- 
ters, but represents a variety of magnetic interactions 
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Flgure 2. Rigid limit spectra for PD-Tempone and simulations based 
on magnetic parameters given in Table I. Solvents are (A) toluene- 
de; (B) glycerol-d3-D20; (C) ethanol-de; (D) acetone-de. 

which would be very difficult to incorporate into theoreti- 
cal line width expressions, except in a simplified form as a 
residual width. In order to reduce the rigid limit width due 
to intra- and interproton hyperfine interactions as much as 
possible, these studies were done with perdeuterated Tem- 
pone and perdeuterated solvents. The rigid limit spectrum 
in toluene-ds illustrated in Figure 2A had the lowest rigid 

limit line width and was, therefore, most intensively stud- 
ied. 

The glycerobd3-DzO solvent also gave a well-resolved 
spectrum as shown in Figure 2B. Nitroxide radicals form 
hydrogen bonds, so the relatively large changes in appear- 
ance of these two spectra and the magnetic parameters de- 
rived from them is not unexpected. Note that only the 
change in g,, A,, and A, is experimentally significant and 
that only the change in A, exceeds the line width a. 

The ratio of A, to aN was 2.30 and 2.28 in toluene-da and 
glycerol-d3-D20, respectively. If solvent interactions re- 
flected a change in the hybridization of the bonds about 
the nitrogen atom, a change in A,/aN would be expected.16 

In Figure 2C one should note the inner humps on the 
outer hyperfine extrema which occur in the ethanol-de 
glass. The two humps are readily interpreted as due to the 
existence of radicals with two different values of A,. De- 
tailed simulation leads to a value of 35.9 G for 66% of the 
radicals and 33.65 for 34%. A comparison of these two 
values with the values of A, obtained in different solvents 
given in Table I leads us to believe that the lower value is 
characteristic of a nitroxide radical in the absence of hy- 
drogen bonds &e., A, same as in toluene), while the higher 
value is characteristic of the PD-Tempone hydrogen-bond- 
ed solvent complex (Le., A, same as in glycerol-water). An 
association constant for this equilibrium 

h i  

k2 

CD3CD,0D- -PD - Tempone 

can be calculated directly from the radical population ratio. 
Note that because the radical concentration, x, is much less 
than the bulk solvent concentration [CD3CD20D], K = 

0.12LIM. 
Note that the lifetime of these amphiphilic sites in the 

ethanol glass must be much longer than ( T ~ A A = ) - ~  = 2.5 X 
sec, where AA, is the difference in A, between the two 

distinguishable environments. 
Nitroxide hydrogen-bonded solvent complex equilibria 

have been previously investigated in solution by the in- 
duced shifts of the solvent nmr spectra.17Ja The lifetime of 
a similar methanol nitroxide complex, k z - l ,  is estimated 
from nmr data to be 4 X sec at  room temperature.19 
Note that the simulation of PD-Tempone in ethanol-d6 in 
the region of the spectrum sensitive tog, and A,  is too well 
resolved compared to the experimental result. This implies 
that two values of A, and g,, which are also solvent depen- 
dent, are actually present, although it does not appear pos- 
sible to actually distinguish them through simulations. 

M in 
PD-Tempone showed the generally broad lines associated 
with segregation of nitroxide radicals into clusters.20 More 
dilute solutions, when frozen, were free of obvious radical 
association but still had a gaussian rigid limit peak-to-peak 
width of about 1 G wider than that found in the other sol- 
vents which glassed and were therefore free of crystalliza- 
tion-induced concentration of the solute. We may employ 
the well-known second moment expression,21a Mz = 
5.1y4h2S(S + l)/d6, where A 4 2  is the second moment and d 
is the distance between dipoles. The excess width, M z  = 0.5 
G,2b would then correspond to an interelectron distance of 
27 8. 

Because of the ambiguities associated with the acetone 

CD3CD20D + PD-Tempone 

0.66~/0.34 x [CD3CD20D - X ]  = 2.0[CD3CD20D]-1 = 

Frozen acetone-de solutions which were 5 X 

The Journaiof Physical Chemistry, Vol. 79, No. 5, 1975 



494 J. S. Hwang, R. P. Mason, L.-P. Hwang, and J. H .  Freed 

and ethanol solvents the toluene-ds and glycerol-d3-D20 
systems were investigated most extensively. 

All rigid-limit simulations of PD-Tempone, except the 
one for the ethanol-de solvent, required an angular-depen- 
dent residual line width. As in previous work with PADS,2a 
we assumed the simple form 

x = (X + p cos2 e 
where 6 is the polar angle. The excess width of the outer 
hyperfine extrema could be due to a number of factors. One 
possibility is that a true rigid limit has not been reached, 
because the widths of these outer hyperfine extrema have 
been shown to be very sensitive to residual motion.21b This 
possibility can probably be excluded by the observation 
that the apparent line width variation persists even at  

A possibly important contribution is unresolved intra- 
molecular electron-host deuterium hyperfine structure. 
The A Z D  component of the methyl deuterium hyperfine 
tensor has been shown to be five times as great as AisoD or 
approximately 0.1 G.22323 Note that even in toluene-ds, 
where the rigid limit width is narrowest, a lorentzian peak- 
to-peak width of 1.4 G is needed to simulate the outer hy- 
perfine extrema, and would not be significantly further 
broadened by the 12 methyl deuteriums with a 0.1-G split- 
ting. These considerations also apply to host deuterium hy- 
perfine interactions, which may be large, especially in hy- 
drolytic solvents where hydrogen-bonded nitroxide com- 
plexes are present (Le., 

In general, solvent perdeuteration, although responsible 
for noticeable reduction in rigid limit widths is much less 
effective than the ratio IDYDIIHYH - 113.27 would imply. 

It is clear that some other interaction must b: present, 
which makes a major contribution to a,  and is primarily re- 
sponsible for p. In single crystal studies, where hydrogen 
host-electron dipole-dipole interaction is generally domi- 
nant,24 each radical has an identical environment. In an 
unordered matrix local differences in solvent interactions 
appear to make an important contribution to the line width 
in these studies. (That is, one would have site variation in 
both the isotropic and anisotropic portions of g and A,) In 
the extreme case of ethanol-dG, two distinct populations of 
radicals represented by two AZ's are present. Note that 
only in this case was it possible to get a good fit of the rela- 
tive amplitudes of the outer hyperfine extrema to the cen- 
tral region of the spectrum without recourse to an orienta- 
tion-dependent line width (i.e., /3 = 0.0 G). If local varia- 
tions in solvent interactions make a major contribution to a ,  
then the observation that A, is the most solvent dependent 
of the magnetic parameters would lead to an expectation of 
even larger widths for the outer hyperfine extrema which 
determine A,, and, in extreme cases, a resolution of two 
A,'s, as in the case of ethanol-de where AAz > a. 

We also give in Table I the average values, gs, a N ,  and U D  

from the motionally narrowed lines. The former two were 
measured by standard means,2a while a D  was obtained by 
comparing the experimental line shape obtained in each 
solvent at that temperature yielding the narrowest intrinsic 
width (Le., displaying the greatest distortions from the in- 
homogeneous broadening due to the 12 methyl deuteron 
splittings), with computer simulations of the expected line 
shapes. The results were checked at  several different tem- 
peratures and were not found to display any significant 
temperature dependences. 

B. Line Width Results. 1. Motional Narrowing Region. 

200K.2223 

= -0.45 G).17 

(a) Toluene-ds Soluent. The mntional narrowing results 
have been analyzed in the s1 lard manner.2a The line 
width data are expressed in terms of eq 1. The theoretical 
expression for axially symmetric rotational diffusion is 
given by eq 5 of part I. A simpler form of this expression 
appropriate for isotropic rotational diffusion is given by 
Kooser, et a1.26 These expressions are based on Debye-type 
spectral densities for the nonsecular and pseudosecular 
terms.26 As in part 11, we have introduced an experimental 
adjustment parameter into the nonsecular spectral densi- 
ties such that they are given by 

The Debye spectral densities are recovered by letting e = 1. 
The results of our experiments and analyses appear in Fig- 
ures 3-8. 

Our results for toluene-ds solvent, which was most ex- 
tensively studied, are given as graph of C us. B for both X 
band and 35 GHz in Figure 3. Our X-band results show 
constancy in the CIB ratio over the range of TR from 
to sec. It has already been pointed out that this 
constancy is strong evidence against having any modula- 
tion process supplementary to the rotational diffusion con- 
tributing to the line width behavior.2a Furthermore, we 
note that the experimental results can be fit 'with isotropic 
rotational reorientation (Le., if we let N = RII/R, then N = 
1). The detailed analysis leading to this result is summa- 
rized in Table 11. It is clear, however, that for TR = w0-l = 
1.75 X sec, the experimental results deviate from the 
simple predictions and we must introduce the experimental 
adjustment factor t that appears in eq 2. A value o f t  = 5 f 
1 is seen to fit the experimental results at X band satisfac- 
torily until about TR = 3 X sec. Our 35-GHz results 
are in good agreement with the values of TR and N from the 
X-band results. However, the large error in measuring C at  
the faster motions makes it impossible to determine an t 

value from the 35-GHz CIB ratios. I t  may be seen from eq 
527 of part I that B is more significantly affected by the 
nonsecular contributions. Thus, if the source of the devia- 
tion of the CIB ratio from that predicted by simple theory 
is due to the nonsecular terms, it should be possible to 
show that the primary source of the discrepancy arises 
from the observed values of B. This observation is illus- 
trated in Figure 4A and B. Figure 4A gives the results of TR 

obtained from the X-band data as a function of qlT. The 
linear dependence of TR with q/T is clearly demonstrated in 
the to sec region. However, when e = 1 is uti- 
lized, then in the region TR of the order of 1.7 X 10-l' sec 
the values of TR obtained from B are seen to deviate signifi- 
cantly from a linear dependence on q/T, while those from C 
deviate only marginally. When t = 5.4 is utilized, then both 
sets of TR are seen to fall on the same extrapolated straight 
)ine.28* 

sec, the TR from B show only a small 
departure from the straight line extrapolation, while the TR 
from C show significant deviations. It is clear, therefore, 
that these deviations for the very fast motions, which are 
largely due to the anomalous behavior of C, may not be at- 
tributed to the same cause, uiz. deviations of the nonsecu- 
lar terms. 

The 35-GHz results are analyzed in the same manner in 
Figure 4B. Here only the values derived from B are uti- 
lized, since we have already noted the values of C exhibit 
considerable experimental error. It is quite clear that these 
results are best fit with an e = 5. We finally note that from 

For TR 5 3 X 
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TABLE 11: Calculated C / B  as a function of Na for PD-Temponeh in Different Solvents 

Toluene-d,b 85% glycerol-d,-D,OC Acetone-d,d 

(=0.925 i 0.016 (=1.18 rt 0.02 (=1.082 i 0.003 
from experiment) from experiment) from experiment) 

2' = xf 
C/B 

N Z' = Zf Z' = yf 
C/B 

2' = yf 2' = xf N Z' = f 2' = yf 2' = xf 
C/B 

N 2' = Zf 

6 0.985 1.40 0.726 6 1.23 1.77 0.911 6 1.04 1.65 0.731 
3 0.956 1.12 0.792 3 1.20 1.43 1.00 3 1.01 1.26 0.818 
1 0.925 0.925 0.925 1 1.17 1.17 1.17 1 0.986 0.986 0.986 
1/3 0.901 0.858 1.02 1/3 1.16 1.08 1.28 1/3 0.971 0.873 1.11 
1/6 0.890 0.839 1.05g 1/6 1.15 1.05 1.32g 1/6 0.965 0.868 1.15g 

Ethanol-dge Toluene-d, (35 GHz)~ 

(=0.879 i 0.01 (=0.245 i. 0.015 A term in Gauss' 
from experiment) from experiment) ( T ~  = 4 x 10"o sec) 

C /B 
2' = 3f  z' = xf N 2' = Zf 2' = yf 2' = xf N 2' = f 2' = >* Z' = xf 

C/B 
N 2' = Zf 

6 1.11 1.68 0.794 6 0.257 0.368 0.188 1.3{ 0.5805 0.503 0.522 
3 1.08 1.31 0.880 3 0.249 0.293 0.206 1 t  0.512 0.512 0.512 
1 1.05 1.05 1.05 1 0.241 0.241 0.241 1.3j 1.77 1.53 1.69 
1/3 1.03 0.956 1.17 1/3 9.235 0.223 0.267 l j  1.59 1.59 1.59 
1/6 1.02 0.931 1.20g 1/6 0.232 0.218 0.276g 1.5k 0.6701 0.534 0.556 

l k  0.551 0.551 0.551 
a These values are calculated from eq 5 of ref. 2a, for the g and A values given in Table I for PD-Tempone in different solvents. It is as- 

sumed that w & ~ , ~ Z  >> 1 and ~ ~ ~ 2 7 ~ , ~ 2  cc 1. b Data analyzed using N = 1 and e = 5.4. Data 
analyzed using z' = y with N = 1.71 (&0.02), and c = 2.50. e Data analyzed using z' = x with N = 3.02 (&0.19), and c = 3.33. f z' is the sym- 
metry axis of the diffusion tensor and x, y, and z are the molecular fixed axes (see text). LimN..dC/B) = 1.08, 1.34, 1.17, 1.23, and 0.284 for 
toluene-ds, 85% glycerol-d3-Ds0, acetone-&, ethanol-&, and toluene-ds (35 GHz), respectively. h Perdeuterated 2,2,6,6-tetramethyl-4- 
piperidone 1-oxyl. * These are values for toluene-ds solvent at X band. The experimental value is 0.57 k0.05 G. I These are values for toluene- 
ds solvent at 35 GHz. The experimental value is 1.9 f 1 G. These are values for 85% glycerol-DzO solvent at X band. The experimental 
value is 0.68 G.  

Data analyzed using N = 1 and c = 1. 

10 

0 PDTEMPONE In Toluene-d8 
A PDTEMPONE In Toluene 

01 

I- 

O O i l  

0.001 0001 t 
N r l ,  <,<':I 
N : I ,  r , c ' = 5 4  
N: I .  6 . 2 5  -_---- e 101 01 I O  

B (Gauss) 

Figure 3. A comparison of experimental and calculated values of 6 
vs. C for PD-Tempone in toluene solvents. The 78 shown are for the 
X-band results. For 35 GHz, the correct 78 values are those corre- 
sponding to the X-band experimental results with the same value for 
Cas the 35-GHz results. 

Figure 3 the B and C values are independent of whether 
toluene-ds or normal protonated toluene solvent is used. 

We show in Figure 5A and B a summary of results for A 
us. T R  for X band and 35 GHz, respectively. For compari- 
son, B and C (X band) are also shown. We also show the 
computed values for A (and B )  from the dipolar and g ten- 
sor terms given in eq 5 of part I. We show in Figure 5C the 

residual width A' representing the difference between the 
experimental A and the estimated A of Figure 5A and B as 
well as the A' for toluene-ds solvent. In the high-tempera- 
ture region, this residual width A' should be primarily due 
to spin-rotational relaxation (cf. section IV). The high- 
temperature results for A' given in Figure 5C do indeed 
show the inverse dependence u p o n . 7 ~  expected for spin- 
rotational relaxation and one notes the results for X band 
and 35 GHz are very nearly in agreement as they should be. 
(Small residual Heisenberg exchange effects may be con- 
tributing to the 35-GHz sample yielding the -10% discrep- 
ancy.) However, for TR > sec for X band and TR > 3 x 

sec for 35 GHz, A' begins to increase. We note, how- 
ever, from Figure 5A and B that in this slower TR region the 
experimental values of A parallel those of B (and C) quite 
well just as they are predicted to, but they are about 10% 
higher for X band and 20% higher for 35 GHz than the esti- 
mated values. The residual width is outside the experimen- 
tal uncertainty in measurement of the A and g tensors. The 
values given in Table I, lead to estimated error of 1.5-2% in 
computed A for X band and 3.5-4% for 35 GHz from this 
source in this region of TR. 28b 

Actually one may suggest a possible explanation for this 
discrepancy between A and A'. I t  is noted from Table I1 
that the BIC ratio is very insensitive to anisotropic rotation 
about the molecular z axis, so our results cannot really dis- 
criminate small anisotropies about this axis. However, we 
find that A (the dipolar and g tensor contributions) is very 
sensitive to anisotropic motion about the molecular z axis, 
but rather insensitive to anisotropic motion in which either 
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Flgure 4. T~ vs. q / T  for PD-Tempone in toluene-& solvent: (A) X- 
band; (B) 35 GHz. 

the x or y axis is the principal axis. Thus if we let N = 1.3 
with slightly faster motion about the z axis, then we can 
"explain" the total experimental A' (cf. Table 11) for X 
band, and at least half the R-band A', the latter being 
somewhat less certain.2sb (Note that an analysis of N based 
on the CIB ratio is generally not sensitive enough within 
experimental uncertainty to distinguish such small devia- 
tions from N = 1 about any axis.) Thus while there is not 
sufficient basis to assert that this is the explanation, it can 
very well be a major contributor to the small deviations be- 
tween experimental and predicted A for T R  > 3 x 10-1O sec. 

We also show in Figure 5C, X-band results for toluene-ha 
solvent. The high-temperature A's are the same for tolu- 
ene-ds and toluene-ha solvents. However, the low-tempera- 
ture A"s show distinct differences for the two solvents; that 
for the protonated solvent being somewhat larger. We dis- 
cuss these observations on A in section IV, but we note 
here that solvent interactions are clearly an additional 
source for the residual width A'. 

( b )  Glycerol-ds Soluent. The results for 85% glycerol-ds 
solvent appear in Figure 6A, B, and C. Here, because of the 
intrinsically greater viscosity, it was convenient only to 
study the region where TR 2 sec. The CIB ratio is 
seen from Figure 6A to be constant over most of the range, 

/' 
owl I I 1 1 1 1 1 1  , I I , , , , ,  I , , I , , ,  

1x 10-12 I X  10 -'I I X  IO -I0 1 x 1  
rR ( s e d  

'/' 
0.oJ I / I l l  1 1 I ~ I I I I I I  1 I I I I I I I  

I .0x 1 6 ' 2  1.0 x lo-" I O  x 10-'0 

I C  

but at  TR k 5 X sec some discrepancy is observed. 
This discrepancy cannot be explained simply by correc- 
tions for slow tumbling which are found to almost be negli- 
gible in this region. Instead, by analogy with eq 2, one may 
try to fit the result to a modified pseudosecular spectral 
density given by 

j ( W J  = 7J[1 + E ' W , 2 T R 2 ]  (3 ) 
where w, is the 14N, nmr resonant frequency, with the ex- 
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Figure 6. A comparison of the experimental and calculated A, B, 
and C values for PD-Tempone in 85 YO glycerol-&-D20 solvent: (A) 
B VS. C; (B) T R  VS. 1 / T; (C) A' VS, TR. 

perimental adjustment parameter 6'. [Note that at  TR = 
so any corrections to eq 3 are 

necessarily small.] However, because the anisotropic pa- 
rameters given in Table I are comparable to oa, it turns out 
that the secular spectral densities may not either be consid- 
ered simply as zero frequency terms. Both the secular and 
pseudosecular spectral densities must be corrected for re- 
sidual effects of the anisotropic terms. We discuss these 
corrections in fuller detail in section V and Appendix C, 
where, in the context of a specific model for e', their nature 
is perhaps clearer. We note, also that in this region of TR, 

the high-field line is found to shift appreciably downfield. 
This is a dynamic frequency shift e f f e ~ t , ~ Q - ~ ~ a  and the ano- 
malously large shift can also be associated with the intro- 
duction of an t' > 1 (cf.  section V and Appendix C). 

The analysis in section V does lead to values of E' - 4 for 

( w , T R ) ~  - 1.7 X 

,,y 1 PDTEMPONE In Ethonol-dg 

- - N i 3 0 2 ,  c : l  
N i l .  f:l __.___ 

t c 
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Figure 7. Experimental results and analysis for PD-Tempone in etha- 
nol-& solvent: (A) B vs. C; (B) r R  VS. D IT .  

85% glycerol-& solvent. (A careful analysis of the results in 
toluene solvent shows that for the magnetic parameters in 
this solvent, it  is not possible to distinguish between t' = 1 
or 4 either a t  X band or a t  35 GHz, cf.  Figure 3.) The re- 
sults of such an analysis for the width contributions are 
shown in Figure 6A indicating the very good agreement ob- 
tained for the CIB ratio when t' = 4 us. the unsatisfactory 
results if t' = 1 or 10. (The correct TR values predicted in 
this region are also somewhat dependent upon e'. The 
values shown are for e' = 4.) The motional narrowing re- 
sults of TR vs. 1IT in Figure 6B are shown for t' = 4. If we 
had instead used t' = 1, there would have resulted two dis- 
tinctly different lines from the estimates of TR from the B 
and C values respectively. (Note that for glycerol solvent, it  
is generally preferable to plot TR us. 1/T rather than DIT, 
cf. part I.) 

The analysis of the dynamic frequency shifts is shown in 
Table 111 for several values of TR. I t  is seen how good agree- 
ment is achieved for the large decrease in the apparent hy- 
perfine splitting between the center and high-field lines 
when t' = 4 is used instead of E' = l.32b 

The residual component to A or A' is shown in Figure 6C 

The Journal of Physical Chemistry, Vol. 79, No. 5, 1975 



498 J. S. Hwang, R. P. Mason, L.-P. Hwang, and J. H. Freed 

l o x  ' 6 9 y P D T E M P 0 N E  in  Acetone-d, 

I O  Y I6l0 1 
L 

1 l o x  16" 

t 

t 

- N = I 7 I ,  € = 2 5  

A r, from B va!ues 
o rR from C values 

VI/ 

I d 2  IO1 
I O  Y 16'2-, L 1 I 1 1 1 1 1 1  1 , I ' 8 1 I I I  1 1 8 1 '  

IO 
q / T  (cp/'K) 

Figure 8. Experimental results and analysis for PD-Tempone in ace- 
tone-& solvent: (A) 6 vs. C; (B) T R  vs. T I T .  

for t' = 1 and 5 .  It  is somewhat larger than the results in 
toluene solvent, but comparable to the results on the PADS 
radical in ice and glycerol-Hz0 solvents (cf. parts I and 11). 
One can again "explain" such a result by letting N = 1.5 
with slightly faster rotation about the molecular x axis, but 
solvent interactions from the only partially deuterated sol- 
vent may be playing some role as well. 

Note from Table I1 that from an analysis of CIB PD- 
Tempone appears to be rotating isotropically in glycerol 
solvent as well. The analysis and results summarized in 
Table I1 indicate how important it is to have accurate mag- 
netic parameters before trying to determine anisotropic ro- 
tational diffusion from esr relaxation data. Thus, if for a 
moment we suppose the magnetic parameters of PD-Tem- 
pone had not been measured in glycerol solvent, and one 
chose to utilize the magnetic parameters obtained in tolu- 
ene solvent, then the experimental C/B ratio of 1.18 would 
have been compared with the calculated ratios for toluene 
solvent. Then we would have obtained N = 3.6, with fastest 
rotation about the molecular y axis, instead of the isotropic 
result obtained with the correct magnetic parameters for 
glycerol solvent. (Of course our analysis of A suggests pos- 
sible small anisotropies, but anisotropies of N - 1.5 are 

TABLE 111: Dynamic Frequency Shifts for PD-Tempone 
in 85% Glycerol-da-DsO Solvent 

Experi- 
mentala Calculatedai 

T ,  "C TR, sec AS,, ,  AS,,-i AS, , ,  AS,, -1 

26.1 3.2 X 10-l' 0.06 -0.06 -0.05 -0.01 

15.3 8.4 X lo-'' 0.05 -0.23 -0.05 -0.26 

11.2 1.1 X los9 0.05 -0.47 -0.05 -0.47 

(-0.05) (0.01) 

(-0.054) (-0.12) 

(-0.057) (-0.23) 

(-0.059) (-0.366) 

(-0.08) (-1.74) 

5.8 1.36 X lom9 0.08 -0.73 -0.06 -0 -70 

-1.15 3 X lo-' 0.09 -2.63 -0.15 -2.53 

a A&,o is the difference in shift between the low-field and cen- 
ter lines; A S ~ J  is the difference between the center and high- 
field lines. A positive (negative) AS means an apparent increase 
(decrease) in splitting compared to a N  = 15.74 G. Calculated by 
method of Appendix C for c , ~ '  = 4, while those in parentheses are 
for c ,  E' = 1. 

within the range of uncertainty of our analysis of N from 
BIG'.) 

( c )  Ethanol-d6 Soluent. The results for ethanol solvent 
appear in Figure 7 .  The calculated results shown are based 
on the use of an average A, as given in Table I. We are not 
able to fit these results with an isotropic rotational diffu- 
sion model. Our best estimate is N = 3 f 1 with fastest 
rotation about the molecular x axis, which seem reasonable 
(cf. section IV). This analysis is, of course, less certain, be- 
cause of the existence of two different A, values presum- 
ably due to the existence of two different species in the 
rigid limit. We can, however, compare results obtained 
using the average A, with those obtained for the high value 
and the low value in Table I (presumably corresponding to 
the hydrogen bonded and nonhydrogen bonded species, re- 
spectively). For a typical result (at - 4 . 7 O )  we would obtain 
values for N of 3, 3.5, and 2.2 respectively for the three 
cases. This would not be a substantial effect considering 
the uncertainty in our analysis. Note also from Figure 7A 
that the CIB ratio appears to increase somewhat a t  the 
longer T R  in a manner very similar to the results in glyc- 
erol-ds solvent and may be explained in terms of an e' > 1. 
We note in this context that a proper determination of the 
parameters 6 and e' relies in part on a proper determination 
of N. Thus in part I, it  was shown in an analysis of results 
on PADS that although E is in principle affected by the use 
of an axially symmetric rotational diffusion model in place 
of a totally asymmetric model, that in practice such correc- 
tions would have only a marginal effect. We can, in the 
present case, compare the effects of using the three differ- 
ent A ,  values with the associated N values obtained. In this 
example, we get values for t of 3.4, 3.7, and 2.8, respective- 
ly. Thus the value of 6 obtained is somewhat sensitive to 
typical variations in the magnitude parameters and the 
ensuing analysis. Note also from Figure 7B that for the 
faster motion (Le., TR -< sec) the values of TR ob- 
tained us. v/T no longer fall on the extrapolated line that 
one would expect. While this is more dramatic for the TR 

values obtained from C, there is also a significant depar- 
ture of the TR from values of B. This is to be compared with 
the result in toluene solvent and it probably indicates the 
onset of another relaxation process. 
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Figure 9. Comparison of experimental and simulated spectra in the 
incipient slow-tumbling region for PD-Tempone in (A) toluene-& sol- 
vent (rR = 3.2 X IO-' sec) and (B) 85% glycerol-&-D20 solvent 
(rR = 3.8 X IOM9 sec). 

( d )  Acetone Solvent. The results for acetone solvent ap- 
pear in Figure 8. Here a slight deviation from isotropic 
rotation is suggested by the data, and the value for t = 2.5 
is rather smaller than the result in the other solvents. In 
other respects the results are similar to those obtained in 
the other solvents. 

2. Slow Motional Region. PD-Tempone was carefully 
studied in the slow motional region in both toluene-& and 
glycerol-& solvents. These spectra were analyzed in the 
same manner as in part I in terms of the slow tumbling 
theory of Freed, et aLz9 Typical experimental results and 
associated simulations are shown in Figures 9-11. One sees 
in Figure 9A the incipient slow motional region, T R  = 3.15 
X sec (7' = -112') in toluene-d8 solvent. This is a re- 
gion, which typically is not very model sensitive, and we 
again find that a moderate jump model with an rms jump 
angle -50' (which is equivalent in spectral predictions to a 
free diffusion model (cf. part I)) gives simulations virtually 
equivalent to a Brownian motion model. The agreement 
between theory and experiment is seen to be very nearly 
perfect. We show, in Figure 9B a similar result for PD- 
Tempone in 85% glycerol-d3-D& solvent utilizing a Brow- 
nian motion simulation. The agreement between experi- 
ment and prediction (for e' = 1) is not so good. The dis- 
crepancies are seen to be essentially the same as those al- 
ready discussed for TR - sec, viz. an incorrect C/B 
ratio and a large relative downfield shift of the high-field 
line. When adjustment is made for d > 1 (e' = 4), then the 
results can be significantly improved as also shown in Fig- 
ure 9B. 

Figure 10 show results in the usual model-sensitive reg- 
ion,2a r~ - sec. Here the experimental results in tolu- 
ene-& (Figure 10A) and in 85% glycerold3-DzO (Figure 
10B) are compared with the best simulations for Brownian 
diffusion, moderate jump diffusion, and strong jump diffu- 

1 

V 

A -  EXPERIMENTAI 

MODERATE JUMP 
rR : I 50 x I d a  sec 

r, = I04 i( lO-'ssc 

r,= 265 x l d ' s e c  

Figure 10. Comparison of experiment and simulated spectra in the 
model-dependent slow-tumbling region for PD-Tempone in (A) tolu- 
ene-& solvent and (B) 85 % glycerol-&-D20 solvent. 

J I  f i  
i i  

-EXPERIMENTAL 
CALCULATED _ _ _  

Figure 11. Slow tumbling spectrum for PD-Tempone in toluene-& 
solvent at 35 GHz (rR = 3.7 X sec). 

sion modelsza obtained by adjusting TR and A'. In the case 
of toluene-al8 solvent, very good agreement is achieved for 
the moderate jump model, while the comparison is quite 
unsatisfactory for the other two models. This result is very 
similar, but with better agreement, to the PADS results in 
part I (where in the case of PADS adjustment had to be 
made for N # 1). The model dependence may also be stud- 
ied by extrapolating the TR us. 7lT results from the motion- 
al narrowing region into the slow motional region to com- 
pare with the best estimates obtained from the model-de- 
pendent studies. This has been done in Figure 4A, and one 
again sees the good agreement with the moderate jump dif- 
fusion model, but unsatisfactory results with the other 
models. (The results in Figure 5C for A' suggest that those 
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TABLE IV: Saturation Results for PD-Tempone in Toluene-& 

80.4 2.44 3.89' 0.00538 0.00538 1:90 1.90 1.02 i 0.05(1.00,1.00) 0.97 i 0.04(1.02,1.01) 
51.0 3.43 2.89' 0.0104 0.0104 1.37 1.38 1.07 i 0.04(1.00,1.00) 0.98 i 0.04(1.03,1.02) 
19.2 5.50 1.96' 0.0264 0.0259 0.871 0.886 1.02 f 0.04(1.00, 0.99) 1.13 i 0.04(1.06, 1.04) 

-34.5 17.6 1.00' 0.319 0.230 0.231 0.320 1.04 i 0.06(0.91,0.87) 1.24 i 0.08(1.14,0.95) 
-50.0 31.0 0.91' 1.28 0.565 0.101 0.229 0.84 ~t 0.06(0.78,0.80) 1.08 i 0.06(1.00,0.85) 
-50.9 31.0 1.05' 0.775 0.446 0.167 0.290 0.76 * 0.10(0.81,0.82) 0.91 f 0.08(0.99,0.86) 
-61.3 46.1 1.04 1.52 0.772 0.127 0.249 0.75 i 0.12(0.75,0.79) 0.85 f 0.12(0.89,0.82) 
-72.2 74.1 1.08 2.42 1.33 0.128 0.233 0.77 i 0.12(0.75,0.79) 1.05 f 0.17(0.84,0.81) 
-76.7 91.3 0.988d 3.67 1.95 0.104 0.195 0.70 i 0.05(0.76,0.80) 0.97 i 0.09(0.84,0.81) 
-81.9 123 0.851 6.30 3.30 0.0816 0.156 0.86 f 0.16(0.80,0.83) 0.83 f 0.12(0.86,0.85) 
-86.2 163 0.967 5.65 3.88 0.120 0.161 0.82 i 0.08(0.83,0.85) 0.99 f 0.15(0.87,0.86) 
-89.8 217 0.799' 9.52 6.59 0.0950 0.133 0.70 i 0.07(0.88,0.89) 0.51 f 0.05(0.90,0.89) 
-91.8 238 0.834 9.44 6.91 0.105 0.139 0.84 f 0.18(0.88,0.89) 0.73 i 0.22(0.90,0.90) 
-92.6 278 0.623 16.7 11.2 0.0695 0.103 0.98 f 0.13(0.92,0.92) (0.93,0.93) 

-1.7 7.96 1.59' 0.0516 0.0492 0.644 0.676 0.97 i 0.05(0.99,0.97) 1.09 f 0.05(1.10, 1.04) 

a b = WN/We(O) where 2 W N  is the nuclear spin-flip rate. Numbers are calculated utilizing e = 1 and 5.4, respectively. Numbers in 
parentheses are calculated from eq 4.1 of ref 2b utilizing e = 1 and 5.4, respectively. Z ' - l ( O )  calculated using slope and intercept method, 
see text. 

for the moderate jump model are preferred, but they are 
not very conclusive.) 

Similar comments apply to the model-dependent study 
for glycerol-d3-DzO solvent in Figure 10B, except the pre- 
dicted model-dependent line shape variations are some- 
what less pronounced in this case, but the agreement is 
clearly best with a moderate jump model. The comparison 
with extrapolated T R  us. 1/T results in Figure 6B also fa- 
vors moderate jump, although the result is a little more 
ambiguous because of the effects of e' on the motional nar- 
rowing results, and the fact that 7 R  need not exhibit a sim- 
ple 1/T behavior (cf. part I). [It should be noted that the 
model-dependent results of Figure 10B were simulated 
with e' = 1, cf. section V.] 

We have also examined the slow tumbling spectrum (in 
toluene-ds solvent) a t  35 GHz. A typical experimental re- 
sult (with the computer simulation) T R  = 3.7 X sec is 
shown in Figure 11. One may compare this figure with Fig- 
ure 9A, the X-band spectrum a t  nearly the same 7 R .  It is 
clear that a t  35 GHz, one is observing more of a slow mo- 
tional spectrum. That is, because the g tensor contribution 
to the spin Hamiltonian is about four times greater (and C 
= B at  X band), the slow motional region is found to begin 
at  TR 2 0.25 X 
sec at  X band. However, other features a t  35 GHz, resulting 
from the greater importance of the g tensor, make it less 
desirable for study. First, as is clear from Figure 11, only 
the low-field portion of the spectrum is well resolved. The 
high-field portion is broadened out by effects akin to an en- 
larged B term (as well as A term) in eq 1. Thus, less of the 
spectrum is suitable for comparison with simulations. Sec- 
ondly, the well-defined portion of the spectrum is more de- 
pendent upon the accuracy of the g tensor values, which 
are usually less accurate than those of A (cf. Table I). 
Thus, the agreement in Figure 11 between prediction and 
experiment is not as good as obtained for X band, and this 
problem increases as the motion slows further. For these 
reasons the analysis of the 35-GHz slow-tumbling results 
was not carried further. 

C. Saturation Studies. Temperature-dependent 2'1 

sec at  35 GHz compared to T R  2 

studies were performed in the motional narrowing region 
for PD-tempone in toluene-& solvent and also in glycerol 
solvent. The analysis of the results is identical with that 
given in part 11. We present in Table IV the results of the 
detailed analysis for the extensive experiments performed 
in toluene-& solvent. In particular, it  is shown how the dif- 
ferent choices for e affect the different parameters. It was 
pointed out in part I1 that the ratios of the Ti's for the dif- 
ferent hyperfine lines could, in principle, provide a test for 
e. However, we again find (as in part 11), that the measure- 
ments are not accurate enough. In fact, as a result of the re- 
sidual inhomogeneous broadening by the deuterons, we 
find somewhat greater experimental error in the present 
case for these ratios. 

However, we note from Table IV that the values of We 
(and b 3 Wn/We) are substantially affected by the choice 
of e ,  deviating by as much as a factor of 2 for E = 1 us. 5.4. 
The We results with E = 5.4 are plotted in Figure 12. The 
results in glycerol solvent as well as the results on PADS 
given in part I1 are also shown. The low viscosity TI results 
corresponding to T R  < sec are found to be roughly 
linear in T R - ~ ,  but for 7 R  > sec the we results show a 
much weaker dependence on T R - ~  of the order TR-l13 for 
the results on PD-Tempone and 7R-l14 for the PADS re- 
sults. This overall lack of simplicity of the dependence of 
We on T R - ~  does not permit an unambiguous choice be- 
tween the We's calculated for the two different e values, but 
those for e = 5.4 are somewhat favored. However, our re- 
sults obtained from continuous saturation in conjunction 
with either (1) saturation recovery experiments in which 
We is measured directly,33 or (2) eldor experiments in 
which b is measured d i r e ~ t l y 3 ~ ~ 3 ~  should permit a distinc- 
tion to be made between the E values. (The results for 
PADS in part I1 do not display nearly so sensitive a depen- 
dence of these parameters on the value of E .  This is because 
the values of b for a given TR value are somewhat larger in 
the present case. This has the effect of increasing the rela- 
tive importance of the nonsecular dipolar contribution to 
T I  compared to spin-rotation-type terms.) We have found 
that the W e  determination is not very sensitive to E', be- 
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cause corrections for e' are important only in the region 
where b >> 1, so that We = (6T1)-' is virtually independent 
of b. 

We also show in Figure 12 the line width parameter Y2A' 
for comparison. I t  is seen that for T R  < sec; the We 
estimated in the two ways are virtually identical, as expect- 
ed for spin rotational relaxation, but for T R  > sec the 
two kinds of results show markedly different behavior, as 
would be expected if A' is due to small uncertainties in the 
value of N ,  solvent interactions, etc. The high-temperature 
values for A' taken as given by 

A' E A * ~ T ~ - I  (4 ) 

lead to experimental results for the coefficient A12 which 
are shown in Table V. They are also compared with theo- 
retical predictions, cf. section IV, and with recent results 
on VOAA.S6 

IV. Further Discussion 
A. Rotational Diffusion. Effective Rotational Radii. We 

can, from the slopes of the graphs of TR us. v/T obtain esti- 
mates of the effective rotational radii utilizing a Stokes- 
Einstein relation 

4 rlY,3?7 
Tx =- -  

3 kT 

where re is the effective rotation radius. These results are 
shown for this work and for the PADS results in Table VI. 
The experimental estimates are seen to be consistently 
smaller than the values calculated from geometric consid- 
erations. The geometric results are based upon values of a, 

3.0 A for Tempone7 and a, = 2.2 
A ay = 2.9 A, a, = 1.8 A for PADS.37 Thus the shapes of 
both of these molecules are nearly prolate axially symmet- 
ric ellipsoids with the long axis p 11 and short axes a I, such 
that ail = a, = 4.2 A and a l  2.85 A for PD-Tempone 
and a 11 = ay = 2.9 8, and a I 2.0 for PADS. One may 
readily predict Ril and R I  from these dimensions for a 
Stokes-Einstein model. One has38 

4.2 A, ay 2.7 A, a, 

TABLE V: Analysis of Residual Line Widths A' a 

A,' in G secb A i n  
(from g values) G secC 

PD-Tempone in 

PD-Tempone in 

PD-Tempone in 

PD-Tempone in 

PD-Tempone in 

PADS ind 

PADS ine 

VOAA inf 

VOAA ing 

VOAA ing 

VOAA ing 

toluene-d, 4.99 6.12 

toluene 4.99 6.6 

85% glycerol-D,O 3.76 

acetone-d6 4.87 9.96 

ethanol -d6 4.53 6.65 

glycerol-H,O 3.16 3.10 

frozen H,O 3.26 

toluene 319 320 

ethanol 3 19 1268 

1 -propanol 319 1960 

2-propanol 319 2001 
a Table based upon the fits of the residual A' to eg 4. b Calculated 

from spin-rotational contribution to A' = &(g, - ge)2/97R E 
A 1 % ~ - 1 .  Obtained by least-squares fits of results to eq 4. From 
ref 2b. e From ref 2a. 7 From ref 36. g N. S. Angerman and R. B. 
Jordan, J. Chem. Phys., 54,837 (1971). 

TABLE VI: Effective Rotational Radii 

Slope,' ye,  re, W (geo- 
System sec "K p-1 A b  rnetricIc 

PD-Tempone in 3.2 
toluene-d, 4.03 X 10'' 2.37 
85% glycerine-D,O (1.33 X IO-') 1.64 
Acetone-d6 5.07 X 10'' 2.56 
E thanol-d, 3.29 X lo-' 2.21 

glycerol-H,O 1.16 
H,O 1.49 

a Slopes are from Figures 4B, the data of 6B plotted us. q/T, 7B, 
and 8B. 0 Estimated from the slope and eq 5. Estimated from 
X-ray dimensions, see text. From ref 2b. 

P A D S ~  in 2.2 

(1 - In + 1" (7) 

and 

with X = (all2 - aL2)1/2/a/1 and 0 < X 5 1. One obtains q = 
0.402 and 01 = 0.543 for PD-Tempone and virtually the 
same result for PADS but with the different symmetry 
axis. The results in Table VI are given by re = 5/3[q1/3 + 
2 ~ 1 ~ / ~ ] a j / ,  which differs only slightly from the simple mean 
values. 
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However, eq 6-8 lead to the prediction of an N = Rll/RI 
= 1.35, i.e:, only a small asymmetry in the rotational diffu- 
sion. This estimate is consistent, within experimental error, 
with our observations that N 1 for PD-Tempone in tolu- 
ene and glycerol solvents. However our result for ethanol 
solvent implies somewhat faster rotation about the a 11 = a, 
axis, N = 3. This latter result is more characteristic of the 
observations for PADS in DzO and glycerol of N N 3 and 
4.7, respectively. These experimental results are clearly not 
consistent with the simple geometric considerations and 
may well be due, in the case of PADS, to strong interac- 
tions of the charged SOB- groups with the surrounding sol- 
vent. The case of PD-Tempone in ethanol may reflect 
strong H bonding tendencies, such as those indicated by 
the rigid limit spectra, showing, what we have interpreted 
as two species, one with a hydrogen bond and one without. 
The general availability of hydroxyl protons for H bonding 
is much less in ethanol than in glycerol-H20. Thus a given 
H bond of the nitroxide may persist longer in the case of 
ethanol, thereby creating a somewhat anisotropic motion. 

One may choose to interpret the difference between the 
calculated r e  and the experimental values in terms of a mi- 
croviscosity or an effective slip such that re3 = ~ r - 0 ~  with ro 
the hydrodynamic radius and 0 5 K 5 One would then 
get values of K ranging from 0.13 in the glycerol solvents to 
0.4 in toluene (or 0.5 in the less certain case of acetone), 
and K would necessarily be independent of vlT from our ex- 
perimental results. The low values for K ,  both for PD-Tem- 
pone and PADS in the glycerol solvents, are consistent 
with the usual picture of a highly structured liquid with 
clathrate-type vacancies. 

Our results may be compared to those on VOAA36 for 
which ro = 3.8 A from translational diffusion measure- 
m e n t ~ , ~ ~  but TO = 3.4 A from X-ray structure,41 while r ,  is 
found to range from 3.0 to 3.8 A in different solvents, with 
the lower values typically for the non-H-bonding solvents 
and the higher values for H-bonding solvents. Thus the 
VOAA complex shows less hydrodynamic slip.than the ni- 
troxides, and a greater anisotropic intermolecular interac- 
tion for H-bonding solvents. 

B. Spin Rotational Relaxation. We and A'. It is seen 
that the experimental estimates of A12 defined by eq 4 and 
tabulated in Table V and of W e  in Figure 12 are generally 
in reasonably good agreement with the simple estimate of 
the spin-rotational contribution to A'42 

(9) 

where we have used the Hubbard-type relation+ 

There is a general trend, however, for the experimental 
values of A 12 for VOAA in H-bonding solvents to be some- 
what larger, and this has already been noted.36 Our results 
for PD-Tempone in ethanol-& appear to show a similar 
discrepancy. But the generally good T R - ~  0: T/v depen- 
dence of A' at higher temperatures should still imply a 
spin-rotational relaxation mechanism even if the exact dy- 
namical model is less certain (see discussion in section C 
about jump models). 

One may estimate values of TJ from eq 10. The moments 
of inertia I,, I,,, and I ,  for PD-Tempone are estimated to be 
1.01, 1.10, 1.50 X g cm2, respectively, from molecular 
dimensions, yielding an average I of 1.20 X g cm2. 
Then 

T~ = 1.45 x 10-22(TRT)'i sec (11) 
Thus for TR - sec (and T - 270'K) where the We 
curves change over from linear in T R - ~  to a weaker depen- 
dence upon T R - ~ ,  one has T J  - 5.4 X sec, with even 
shorter values for TR > sec. Such values are already of 
the order of, or faster than molecular vibrational periods. 
Thus, one can question the interpretation and physical 
meaning of T J ,  when it becomes comparable to or faster 
than TM, the correlation time for the fluctuating (aniso- 
tropic) intermolecular potentials. This matter is discussed 
in section V. 

It is still necessary to consider the low-temperature We's 
which do not exhibit simple dependence on T R - ~ .  There 
exist, however, some nmr observations on TI ,  which bear 
some similarities to our observations on the lower tempera- 
ture results for We. It has been found in several nmr stud- 
ies that at lower temperatures, the presumed spin-rota- 
tional TI-l contribution becomes more nearly temperature 
and viscosity independent, and this has been attributed to 
spin-rotational relaxation due to internal rotational mo- 
t i o n ~ . ~ ~  Such a possibility could exist in the present case in 
particular for PD-Tempone, for which there is likely to be 
an interconversion between the two equivalent twisted boat 
conformations which affects the orientation of the N.0 
fragment, as already noted in the I n t r o d u ~ t i o n . ~ ~  The 
K4(PADS)2 dimer appears from an X-ray study to be ap- 
proximately planar.37 However, it may be that the PADS2- 
anion could show a small nonplanarity with an interconver- 
sion between the equivalent forms. As in the nmr 
experiments as a function of pressure would help distin- 
guish between solvent-dependent overall reorientations 
and internal rotational effects due to the significant pres- 
sure dependence of 7 and the relative insensitivity of the 
internal rotation to pressure. Such experiments are cur- 
rently underway in these laboratories. 

At lower temperatures, A', as already noted, obeys a T R  0: 
v/T dependence rather well. Our results on PD-Tempone 
in toluene and toluene-dg summarized in Figure 5 and 
Table IV show that typically only a fraction of this  de- 
pendent width may be attributed to intermolecular dipolar 
interaction of the unpaired electron with the solvent pro- 
tons in protonated solvent. We discuss this point. 

One can estimate the line width contribution due to this 
intermolecular interaction in the standard way.12,44 That is, 
with ua2 << T - ~  << ue2 where T is the translational diffusion 
correlation function 

? = 8/20 (12) 
so that pseudosecular width contributions (k, terms in 
which the nuclear spin flips but the electron spin does not) 
are important, while nonsecular terms (i.e., terms in which 
the electron spin flips) are unimportant, one 

T,'i = y:y>E?i21(1 + 1)[J'0'(0)/6 + Z J ( ~ ) ( W J ]  3 = 

where N is the density of spins d is the distance of closest 
approach of the interacting spins, D is the translational dif- 
fusion constant, and 71 is the gyromagnetic ratio of the nu- 
clei of spin I. Equation 1 2  is based upon the simplifying as- 
sumption that PD-Tempone and toluene have identical 
diffusive properties. We further assume eight spins per tol- 
uene molecule and we neglect considering their geometric 
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distributions within the molecule.45 This yields N cz 4.5 X 
1022 spins/cm?. The result at  T R  = 10-9 sec, where the 
added contribution to A’ in toluene& is ca. 0.1 G (deriva- 
tive peak-to-peak width cf. Figure 5) is then (dD) 3.1 X 
10-15 cm3/sec. Use of the Stokes-Einstein relation 

D = k T / 6 a ~ ~ ,  (14) 

where rrp is the effective translational diffusion radius, 
would then give d/rT = 0.92 A or when eq 13 is corrected 
for boundary value effects,46 d/rT = 1.15. This result is 
quite reasonable in view of all the simplifying assumptions 
made. [ln fact, if some of the 2’2-l contribution arises from 
a small isotropic hyperfine coupling with solvent protons, 
as is likely, then the predicted value of ( d D )  from eq 13 
would be increased, as would the value of dlrT from eq 14.1 
The main feature of this estimate, then, is that the ob- 
served difference in A’ between toluene-h8 and tOlUene-d8 
is of the order expected for intermolecular dipolar interac- 
tions including possible isotropic hyperfine effects. [Note 
that from eq 13, the perdeuterated solvent yields (1/16) the 
intermolecular dipolar contribution compared to the pro- 
tonated solvent.] 

C. Inertial Effects, and Some Other Corrections to Sim- 
ple Brownian Diffusion. We have in part I1 discussed the t 
parameter for PADS in terms of a very simple memory 
function approach. It was shown there that our empirical t 
parameter, which is very convenient in representing the ex- 
perimental results, has a simple interpretation in terms of 
such a memory function approach only when t - 1, which is 
not the case for these experiments, and this probably 
means a more detailed analysis of the molecular dynamics 
would be required. The approach in part I1 did not consid- 
er the matter in any further detail. 

Our results in this work yield a value of t - 5 in the tolu- 
ene solvents, for which the results and analysis are most re- 
liable (and t - 3 in ethanol and acetone). (We are unable to 
obtain an E value in the glycerol-d3-D20 because decompo- 
sition of PD-Tempone occurs above SO0.) The carefully 
studied toluene solvent is characterized by N k 1, so aniso- 
tropic diffusion is even less likely to complicate the analy- 
sis. We have also succeeded, in the present work, in ob- 
taining t-dependent results a t  another frequency, uiz. 35 
GIXz for which t - 5, implying that it is rather frequency 
insensitive. (More precisely, e appears to have the same 
value for the same range of W e 7 R . )  This value of t is very 
similar to the value of t - 4 found for the PADS solutions. 
[The only substantial variation in this result for t so far has 
been a value of t - 1 from the I7O contributions at  X band 
for T R  < 5 psec, but for that region, the present results of 
Figures 4, 7, and 8 suggest other processes may begin to be 
important.] This apparent near constancy in t is difficult to 
justify in terms of the simple gaussian and exponential 
memory functions used in part 11, except in the case that 
only the lowest order terms are kept in a power series ex- 
pansion in w so that y’(w) - 7R-l and y”(w) - a w  where a is 
a constant to be calculated from the proper molecular dy- 
namics and y ’ (w)  and y” (w)  are the real and imaginary 
parts of the frequency-dependent damping coefficient. One 
would require that a = tl’* - 1 - 1 be relatively indepen- 
dent of solvent and temperature (but possibly a slowly 
varying function of T R ) .  

The question naturally arises as to a physical interpreta- 
tion of t. One possibility, raised in part 11, would be to in- 
clude “short -time” inertial effects, but typical simplified 
expressions for j ( w )  did not bear any satisfactory relation- 

ship to eq 2. Use of the more complete analyses of inertial 
effects of Sack51 and of H ~ b b a r d ~ ~  (who respectively give 
expressions asymptotic in w and a perturbation in the ratio 
a = T J / T R )  does not change this conclusion. 

The question of inertial effects, is, however, relevant to 
an analysis of our slow-tumbling model-dependent results, 
wherein we find good agreement with a very approximate 
model including substantial inertial effects, but this model 
yields predictions very similar to that of moderate jumps 
with an rms jump angle -50’. A more rigorous analysis 
which incorporates properly the coupling between angular 
momentum, orientation, and slow tumbling esr spectra has 
indicated that predicted slow tumbling esr line shapes are 
quite similar to those from the crude analysis.53 Thus, it is 
not readily possible to distinguish between the two models 
(jump us. inertial) purely from the slow-tumbling spectral 
simulations, and other criteria are therefore needed. 

It is precisely from results in the motional narrowing re- 
gion that obvious conclusions may be reached on this mat- 
ter. We use Hubbard’s perturbation results in a = TJ/TR52b 

where j ( 0 )  replaces the expression in eq 2 for wo = 0. Note 
that the relationship of eq 10 is implied in the definition of 
a, so 

(16) 

a = 1.45 X 10-22(7~2T)-1 sec2 for PD-Tempone from eq 14. 
[Equation 10 is a fundamental one in the theory of rota- 
tional Brownian motion; it is required in order that an an- 
gular velocity distribution approach a Boltzmann distribu- 
tion as r - m.] Clearly eq 15 will not show any appreciable 
inertial effects unless a k 0.1, which corresponds to 7 R  5 2 
psec and T J  2 0.2 psec (at 8 2 O  in toluene solvent). Further- 
more if T R  a T J - ~  a v/T, then such inertial effects would 
according to eq 15 lead to a nonlinear dependence of j ( 0 )  
upon q/T. It is clear from Figure 4A, for example (where 
one should rigorously read j ( 0 )  in place of T R ) ,  that a very 
good linear dependence upon TIT is observed over nearly 
the whole range studied. It is only, in fact, in the region of 
T R  - 2 psec that the T R  (calculated from B values, see 
above) seems to deviate somewhat. In fact this deviation is 
of the correct sign and order to agree with eq 15. One must, 
however, recognize that the smallness in the measured 
value of B (as well as the various uncertainties of the analy- 
sis) in this region renders such a comparison somewhat un- 
certain. The main point is that the very good q/T depen- 
dence of 7R28a is strong evidence against an important iner- 
tial component, and, as T R  increases, inertial effects be- 
come less important. Finally, and most significantly, slow 
tumbling spectra show appreciable inertial effects only for 
a k 1, but when T R  - sec one has from eq 16 that 7J - 
0.4 X 

This discussion is not substantially altered, if, instead of 
a Brownian motion model, jump-type diffusion occurs. In 
this case, one must rewrite T R  as 

sec, so a is very small indeed! 

where B2 I 1 is the model parameter characteristic of the 
jump diffusion and discussed in detail in part I. Our slow- 
tumbling results imply a B2 - 0.56 (from eq 12b of part I 
and an Rr  value -0.14). One may then show by a simple 
analysis that T J  should become (cf. part 11) 
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r J  = I /6kTB2r ,  (18) 
While the proper inertial corrections analogous to eq 15 
have not been worked out for such a model, one notes that 
(1) a 3 T J / T R  = 1 / 6 k T & ~ ~ ~  is still a small quantity and 
(2) inertial effects, treated as a power series in a, would still 
imply deviations from j ( 0 )  a q/T which are not seen except 
perhaps for T R  5 2 psec. 

It is on these grounds that we conclude a jump-type 
model is to be preferred to an inertial effect model in “ex- 
plaining” our slow-tumbling results (but see section V). 
Note also that a Bz < 1 would be consistent with the results 
for A12 given in Table V, since, in general, the experimen- 
tally determined values are a little greater than those pre- 
dicted from eq 9. In the case of the nonsecular spectral 
densities j ( w )  and the associated parameter t, one sees that 
the inertial effects would predict strongly TR-dependent 
corrections, since a 0: T R - ~ ;  again a result inconsistent with 
observation. 

Our rejection of the importance of inertial effects over 
most of the range of the experiments is thus seen to be 
based in part upon the observed simple qlT dependence, 
Le., simple Stokes-Einstein behavior for TR. The question 
exists as to a mechanism that would have such a property 
and still lead, for example, to an t # 1. A mechanism which 
has been of recent theoretical concern, and is characteristic 
of a Brownian particle, is the backflow hydrodynamic ef- 
fect, giving rise to the “long-time tails” in the correlation 
function (Le., the flow patterns generated by the rotating 
Brownian particle ultimately return to affect the particle). 
This effect would lead to a frequency-dependent friction 
coefficient p(w). By an analysis outlined in Appendix B, 
one may write when inertial effects are unimportant that  
R(w) 3 kTIIP(w) would also be frequency dependent, i.e., 
there is a frequency-dependent rotational diffusion coeffi- 
cient: R(w) -+ yey(w) is showing the effects of a memory 
function. To the extent that this applies to the backflow ef- 
fect, one has in this case54p55 

where a is the radius of the Brownian particle and v E q / p  
is the kinematic viscosity with p the solvent density. Equa- 
tion 19 has some of the correct qualitative features to ex- 
plain the E results: (1) R (0) = R, so TR shows simple Stokes- 
Einstein behavior; (2) the higher frequency spectral densi- 
ties j ( w )  will be the ones most significantly affected; and (3) 
to lowest order in the dimensionless parameter y = wa2/v 
one has 

R ( o )  E [l - 2/3iy]R (20) 
such that 

E s [l - ( 2 / 3 ) 6 R ~ ~ p / v ] ~  = [l - hTp/2aav2]’ (21) 

and is frequency independent. (The last equality of eq 21 
assumes the validity of eq 6.) 

However, other considerations lead us to readily reject 
the importance of this mechanism. We need only note that 
(1) the magnitude of the correction in eq 21 is too small 
and of the wrong sign and (2) it  is very sensitive to q/T. We 
estimate from eq 21 E - 0.9975 a t  -10’ in toluene where 1) - 0.1 CP and TR = 10-11 sec, while at  100’ where q N 0.0026 
P and TR = 2 X 10-12 sec, E 0.95. It may be that for a 
small non-Brownian particle a proper theory could predict 
larger corrections to t than given by the equations above for 
a Brownian particle, but our experimental results are not 

consistent with a strong qlT dependence for t, nor with the 
sign in eq 21. (Note, however, we cannot entirely rule out 
such considerations for anomalous behavior observed for ?R 
5 3 x 10-12 sec.)b6 

We turn, in section V, to an analysis of our results in 
terms of the fluctuating torques exhibiting substantial per- 
sistence times (of the order of TR). This analysis seems 
quite effective in correlating much of our results. 

V. Analysis in Terms of Fluctuating Torques 
The more “traditional” analysis of the previous sections 

has been found to lead to several anomalies. We summarize 
them. 

(1) The nonsecular spectral densities do not follow a 
Debye-type spectral density, but require the inclusion of an 
E > 1 in the manner of eq 2. 

(2) As the motion approaches the slow tumbling region 
(Le., sec), there are two types of anoma- 
lies:57 (a) the CIB ratio becomes larger than expected; (b) 
the dynamic frequency shifts, particularly of the high-field 
line, are larger than expected. 

(3) Our best model-dependent slow tumbling fits are 
consistent with a moderate jump model in which the rms 
jump angle ( t2)1/2 is of the order of 50’. This appears to be 
an unusually large value especially when it is recognized 
that the jump model is based on the assumption that the 
duration of a jump is nearly instantaneous. Thus, another 
explanation in terms of the molecular dynamics might well 
be desirable. 

We wish to show how a simple model, which includes ef- 
fects of relatively slowly fluctuating torques, and inertial 
effects only in very lowest order, is able to give a single uni- 
fied interpretation to the three classes of anomalies listed 
above. We present in Appendix B an outline of a derivation 
of a generalized rotational diffusion (or Fokker-Planck) 
equation which explicitly includes the fluctuating torques, 
in the formalism. The derivation, which takes rigorous ac- 
count of the dynamical coupling between orientational, an- 
gular momentum, and anisotropic intermolecular interac- 
tions may be simplified, when inertial effects are unimpor- 
tant, into a simple Brownian rotational diffusion equation 
in orientation space, which is just the Brownian rotation 
model commonly used, except now one has a frequency- 
dependent diffusion coefficient R ( w )  [cf. eq B9b]. The sim- 
ple assumption that the correlation function for the resul- 
tant torque experienced by the probe molecule is exponen- 
tially decaying with time constant T M ,  then leads to 

< TR < 

where if we let ( y2) lI2 be the rms torque, then 

V 2  = (T2)/1hT ( 2 2 4  
I t  is then an easy matter to explain anomaly (l), (uiz. t )  by 
noting from eq B10 that the nonsecular spectral density for 
L = 2 i s  

Thus our experimental results that t - 4 or 5 are equivalent 
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to T R  - T M  and the rms fluctuating torque is V V ”  - 
&k T. 

The second set of anomalies have a similar interpreta- 
tion, but the spectral analysis is more complex. The width 
anomalies are associated with j(w,) = r R / [ 1  + ~ ’ U , ~ T R ~ ]  

where 0, corresponds to hyperfine frequencies associated 
with UN. However, it  is clear from Table I that the aniso- 
tropic parameters such as D(O) and F(O) are of comparable 
magnitude, and a more careful analysis is required beyond 
simple relaxation theory. Such an analysis can be per- 
formed in terms of a simple perturbation treatment of the 
slow tumbling equations, and this is discussed in Appendix 
C. The main point is that the pseudosecular spectral densi- 
ties refer to frequencies such as b f %(Fo + lhD’) = -1.2 or 
1.36 X lo8 sec-l, and b f %(Fo - l/zD’) = -1.7 and 0.89 X 
108 sec-l; while it is found that the secular spectral densi- 
ties are no longer nonzero, but instead refer to frequencies 
such as %(Fo f D’) = 0.64 and -0.31 X lo8 sec-l. Such 
nonzero frequencies are usually unimportant in the fast 
motional region where lFol, JD’J << r ~ - l ,  but the inclusion 
of an t’ > 1 into the spectral densities enhances their im- 
portance. The dynamic frequency shift corrections arise in 
a similar manner (cf. Appendix C) and are associated with 
spectral density terms such as k(w,) = €’1’2U,TR2/[1 + 
t ’Wa2TR2],  thus their importance is usually enhanced for e’ 
> 1. 

The modified equations for T2(M)-l and the dynamic 
frequency shifts S ( M )  are given in Appendix C. one obtains 
modified expressions for A, B, and C as 

A = TZ(O)-‘ ( 2 5 4  

(25b) B = l/z[T2(1)-‘ - Tz(-l)-‘] 

C = %[TZ(l)-‘ + Tz(-l)-’ - 2T,(O)“] ( 2 5 ~ )  

Typical modified A (or A’), B, and C values are found in 
Figures 4 and 6 for several values of t’. As already noted in 
section 111, very good agreement for both B and C is 
achieved with t’ = 4 and a proper single choice of TR. Note 
from Table 111 that the dynamic frequency shifts are also 
satisfactorily accounted for with the same value of t’, We 
should, however, call attention to the fact that the other 
solvent for which very accurate measurements were ob- 
tained, uiz. toluene, is one for which the magnetic parame- 
ters are such that the C/B ratio is not significantly affected 
by t’ > 1, and the experimental result, while consistent 
with this, does not yield further information on this mat- 
t e ~ - . ~ ~  

It  should also be noted (cf. Figure 6C) that the value of 
the residual width A’ can be somewhat sensitive to the 
analysis, e.g., whether fluctuating torques are included or a 
conventional analysis is given. This feature of A as well as 
those discussed in section I11 tend to make the analysis of 
this experimental parameter more complex and less cer- 
tain. 

The third type of possible anomaly, that of model depen- 
dence in the slow-tumbling region can also be “explained” 
in similar terms. In the slow tumbling theory one requires 
the eigenvalues of a diffusive-type operator. The Lth eigen- 
value is the inverse of the exponential decay time for the 
Lth spherical harmonic. Model dependence was introduced 
(cf. part I) in terms of the model parameter BL such that 

7 L - I  = B L L ( L  + l ) R  (26) 
(672)-l). One particular jump model, sug- (note that R 

gested by Egelstaff for simplicity, leads to (for mean jumps 
significantly less than T )  

TL“ = L ( L  + 1)R / [1  + R r L ( L  + I)] (27) 

where r is the mean time between jumps and the mean- 
square jump angle is equal to 6Rr. We now note that from 
eq B7 the spectral density function for the Lth  spherical 
harmonic is 

(28) 

(284  

1 
Z L b )  = - -~wJEL’+ L ( L  + I ) R  

E L ’  = [l  + YL2/P]2 
where 

and y~ is defined by eq Bllc.  [Note that j ( w )  
and k(w) 
28 one gets 

Re I ( w )  
Im l ( w ) ] .  When one Fourier-Laplace inverts eq 

E ~ ’ - ~ / z  exp [- t / ( l  + v 2 / y L 2 ) ~ , ]  

Thus we can define an effective decay time for the Lth  
spherical harmonic by TL,E such that 

(29) 

This is identical in form to the Egelstaff-type result of eq 
27, giving the decay times for the jump model. One need 
only let y22/v2TM = 6R = T R - ~  as we have done already, 
but also 6R7 - y22/V2 = 6kT/IV2. Our experimental re- 
sults compared with an Egelstaff-type model give good 
agreement for R r  - 0.14 or, by this association V2 - (1/ 
0.14)(kT/I) or Vv%T - d k T ,  which is very close to the 
high-temperature results obtained from t and E’! 

An alternative way to look a t  this simple argument is to 
recognize that in the slow-tumbling region T R - ~  5 
JFoJ, etc. Therefore, one is interested in the higher frequen- 
cy components of Re l ( w )  for which the 1/2 - $ width of this 
function is just TL,E-~.  

These simple arguments encourage us to think that the 
slow-tumbling model dependence may be explained in the 
same manner as the motional-narrowing anomalies. How- 
ever, a more rigorous analysis of this matter may be carried 
out following the formal procedures outlined in Appendix 
D. 

We now wish to discuss spin-rotational relaxation in 
terms of the slowly fluctuating torque model. We can, to a 
good approximation, describe spin-rotational relaxation 
for a spherical molecule in terms of the angular momentum 
correlation function (J(t)J(O)) when terms of order “a” 
may be neglected (cf. ref 52c), and “a” << 1 for our experi- 
ments. We then find that eq 9 must be replaced by 

with j ~ ( w , )  given by eq B16. At first glance it appears from 
eq B16 and B17 that j ~ ( w , )  # j ~ ( 0 )  and j J (we)  will be a 
complicated function of,w, and of T M .  However this is in- 
consistent with both the line width and T1 measurements 
for TR < sec. However, note first of all that for ( ~ 0 7 ~ ) ~  

<< 1 eq B16 yields 

(32) j , (w) = j , ( O )  = P(0)-1 = (PTM)-* 

Tu- ip(o)  = v2 = 2.5 x 1024 >> wo2 = 3 x 1021 (33) 

Next we note that our above analysis yields: 
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at X band (q2 = 5 X loz2 a t  35 GHz). As a result, in the re- 
gion where W O ~ T M ~  >> 1, eq B16 is easily shown to reduce 
again to eq 32! Finally, in the region where WOTM - 1, it is 
true that / ~ ( O ) T M  >> 1, which also follows from the inequal- 
ity of eq 33, and one again recovers eq 32 from eq B16. 
Thus no anomalous behavior is actually predicted for the 
spin-rotational relaxation. However, one must be cautious 
with respect to the oversimplified model utilized for dis- 
cussing the fluctuating torques (cf. Appendix D), and a 
more detailed analysis could lead to a somewhat different 
interpretation. 

Finally we wish to point out that the result TM - TR is 
consistent with a physical model in which the fluctuating 
torques are due to reorientation of the solvent molecules of 
comparable size compared to PD-Tempone. [Such a model 
clearly has to be modified for PADS in ice.] Also values of 
rms torque of the order of v%kT imply reasonable inter- 
molecular interactions without any strong bonding-type in- 
termolecular interactions. 

VI. Conclusions 
The PD-Tempone nitroxide radical has proved to be a 

very useful one for esr relaxation studies. In particular, it  
was possible to carefully analyze the well-resolved slow 
tumbling spectra in toluene-& and glycerol-da to demon- 
strate that the reorientational motion of this radical de- 
viates significantly from that predicted for simple Brow- 
nian motion. This deviation is about the same as that pre- 
viously obtained with the PADS radical. Unlike PADS, its 
reorientation in these solvents is found to be isotropic, and 
the simpler ensuing analysis leads to very good agreement 
between observation and the predictions from the slow- 
tumbling theory of Freed, et al. In the context of the con- 
ventional model-dependent analysis, the reoriehtation of 
this radical is best described as occurring by jumps of mod- 
erate angle (rms jump angle -50’). Again, in terms of con- 
ventional analysis, the PD-Tempone and PADS radicals 
show effective rotational radii significantly smaller than 
those estimated from X-ray results, implying reasonably 
large slip, but the large moment of inertia of the molecules 
means that the reorientation process is not significantly in- 
fluenced by inertial effects. The unimportance of inertial 
effect,s is confirmed by the very good v/T dependence ob- 
served for TR. It is on this basis that a jump-type model is 
favored over a free diffusional model for explaining the 
slow-tumbling results in terms of previously proposed sim- 
ple models. 

The careful studies on PD-Tempone have confirmed 
that it too exhibits significant deviations of the nonsecular 
spectral densities from a simple Debye-like expression 
(represented by ,e > 1), and the anomaly is comparable to 
that first observed for PADS. Analysis of results at 35 GHz 
yielded the same deviations as X-band results. This phe- 
nomenon is not consistent with inertial contributions nor 
with hydrodynamic backflow effects. A related anomaly, 
that of the deviation of the pseudosecular and secular spec- 
tral densities from simple Debye-like expressions (repre- 
sented by E’ > 1) has been found in this work. I t  is most 

problem has been undertaken to seek to explain these 
anomalies. It has been found that a unified explanation for 
the various anomalies can be provided in terms of a dynam- 
ical model which includes slowly fluctuating random 
torques. Our results on c and e’ lead to values of r ,  - TH, 

where TM is the relaxation time of the torques and an rms 
value for the fluctuating torques of ca. &kT. It  must be 
emphasized, however, that the analysis outlined here utili- 
zes only the simplest possible model for the torques &e.,  a 
single, simple exponential decay for the correlation func- 
tion) and makes some simplifying approximations on their 
esr effects, although other aspects of the dynamics have 
been treated carefully. In this context it is very encouraging 
to note that this model of slowly fluctuating torques (in- 
cluding the magnitudes of the parameters) appears to be 
consistent with the slow-tumbling, model -dependent ob- 
servations. Thus the significant deviations froin Brownian 
motion may well be attributable to the effects of slowly 
fluctuating torques rather than to the notion that the mole- 
cules must jump by moderately large angles (-50’) in their 
reorientation. We have, in this work, also outlined how the 
kind of further theoretical work, which would lead to a bet- 
ter understanding of these physical models, may be carried 
out. From the experimental point of view, our study illus- 
trates the complementary value of performing line shape 
and relaxation studies over the whole range from fast mo- 
tional narrowing through the rigid limit. Further experi- 
mental studies to elucidate these matters are currently in 
progress. 

In other aspects of the study, it was shown that the high- 
temperature W e  (from saturation studies) and residual 
widths A’ are in good agreement with a Hiibbard-type 
spin -rotational mechanism. The low-temperature W e  re- 
sults are less readily classified, but they may well reflect 
spin-rotational relaxation by internal motions (by compar- 
ison with recent nmr relaxation studies). The possible ef- 
fects of internal motions on We are probably best studied 
in terms of their relative insensitivity to pressure depen- 
dence. The low-temperature residual A”s may well be due 
to a complex of factors including small deviations from the 
anisotropic rotation predicted from the CIB ratio (but 
within the experimental error of that analysis), intermolec- 
ular electron-nuclear dipolar interactions with solvent pro- 
tons, and possibly some corrections from the fluctuat,ing 
torque analysis. 

Finally we note that the well-resolved rigid limit spectra 
allow for analysis of the complete A and g tensors, and in 
the case of ethanol-de solvent, show the existence of two 
forms of the radical which are believed to be a hydrogen- 
bonded and a nonhydrogen bonded form. 

Acknowledgments. We wish to acknowledge helpful dis 
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aszek. 

Appendix A 

esr spectrometers with the PDP-9 computer. 
We show in Figure 13 the schematics for interfacing the 

clearly seen in the glycerol solvent and probably also in 
ethanol. This anomaly manifests itself both in the line Appendix B. Inclusion of Torques the 
widths and in the dynamic frequency shifts in the region of Dynamics 
SR - 10-9 sec. This anomaly, is, however, most dramatical- 
ly seen in a related study of PD-Tempone in liquid crystals 
reported on elsewhere. 

A fairly comprehensive study of the molecular dynamics 

It  is possible to construct a generalized Fokker-Planck 
equation for the rotational motion of a Brownian-type par- 
ticle in a bath of N + 1 rotating particles which interact uia 
pair potentials U(Q,,Qi) and V(Q,,Qj) t,het depend upon 
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63 

200 pf 

t15v 

( 8) 

Figure 13. Schematics of the interface for the y axis from the Var- 
ian E-12 spectrometer (A) and from the Keithley Model 822 phase- 
sensitive detector. V denotes power supply common. The opera- 
tional amplifier is a Teledyne Philbrick 1026 and is operated with a 
floating f 1 5 - V  power supply (Teledyne Philbrick 2210). All BNC are 
floated. 

orientations QB and Q 2 ; , Q ,  for the B particle and the bath 
particles, respectively. This has been d0ne5~ in a manner 
closely analogous to the standard treatment given for ex- 
ample by Re~ibois59,~~ for translational motion but utilizing 
rotational dynamics features as discussed in part by Con- 
diff and Dahler.61 

One obtains a generalized Fokker-Planck equation for 
the B particle59 of form 

( V L ) B '  st dTG(t - T)*[uB/kT + ( V L ) B ] ~ B ( ~ )  (B1) 

In eq B1 OB is the angular velocity of the B particle, LB its 
angular momentum, JB E -irB  X (O,)B, EB - (VL)B is the 
precessonal term which is identically zero for a spherical 
particle, and (NB) is the mean-field torque experienced by 
the B particle. The quantity G(t )  is the operator equivalent 
of the correlation function for the fluctuating or random 
torques on the B particle.62 The random part of the torque 
has a zero time average. The assumption of G ( t )  = A26( t )  
yields the typical Fokker-Planck equation for rotational 
reorientation of a Brownian particle. When, however, a 
memory function such as G ( t )  = A2e-t/TM, where TM is not 
extremely fast, is utilized, then a frequency-dependent fric- 
tional coefficient 

0 

P(w) = G(o)/IkT = Re eiWtG(t) dt/IkT (B2) 

is obtained. If we assume for a spherical particle that 
R(O)/P(O) << 1 where R(0) = KT/Zp(O) (see below), then one 
expects (as discussed in section IV) that inertial effects are 
not directly important ( i e . ,  angular momentum relaxation 
occurs very rapidly), and one should be able to collapse the 
Fokker-Planck eq B1 in the rotational phase space of the B 

l 

particle into a Smoluchowski-type equation in just orienta- 
tional space. (When (NB) # 0, then one also requires that 
the orientational variation in (NB) be small compared to 
Ip2.) When methods similar to those utilized by Murphy 
and A g ~ i r r e ~ ~  are employed, then one obtains a Smolu- 
chowski-type form for eq B1: 

where 
A(w) E J m e i w t h ( t )  d t  

0 

= k T/IP( W) 

so that Fourier-transforming eq B3 yields 

kT 
-P(o) - iwP(0)  = i J B  ' ~ p o * ( i J ~  - (NB))P(w) 034) 

and a generalized Einstein relation 

R ( o )  = kT/IP(w) (B5) 

One may obtain the conditional probability function, or 
is obtained. 

Green's function, by letting 

P(t  = 0 )  = 6(s1 - no) = 

In particular for the case (NB) = 0, one obtains for the 
spherical B particle from the known properties of J B ~  

[-iw + L ( L  + l)R(u)]- '  (B7) 
which is identical with the usual expressions except for the 
frequency-dependent diffusion coefficient R (w). The choice 
of 

G(t) = (IkT)V2e-t/TM (B8) 
then yields 

@ ( W )  = v 2 [ - i W  4- T,-']-' 

and 

(B9b) 

Thus the orientational spectral densities j ~ ( w )  are given by 

kT 
I V  R(w) = y ( - i w  + TM- ' )  

EL = (1 + YL2/V2)2 (Bl la )  

(Bl lb)  

y L 2  L ( L  + l)kT/I (Bl lc )  
The Brownian motion limit is achieved by letting TM and 
( y ~ / v ) ~  ---+ 0 while T M V ~ / ~ L ~  remains finite (i.e., V 2 r ~  - 
p). The dynamic frequency shift terms h ~ ( w )  are obtained 

T L  7,V2/YL 2 
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by taking the imaginary part of the Fourier transform in eq 
B10 and one gets 

One may also calculate the spectral densities for angular 
momentum j d w ) .  Thus for a spherical particle with (Ns) = 
0 it follows from eq B1, B2 (as well as the treatment by 
Hubbard given for a frequency-independent 0) that 

j , (w)  = Re ~ m e ‘ w t g J ( t )  dt 0313) 

where 

g J ( t )  (J(t)J(o)>/(J(o))2 (B14) 
and one may write in the usual manner for a frequency- 
dependent friction coefficient ( c f .  part I1 and ref 65) 

dgJ(t)/dt = - J t z ( t ‘ ) g J ( t  - t’) dt’ (B15) 
0 

where 
w 

P ( t )  = G ( ~ ) / I L T  (B15a) 
One then obtains from eq B13-Bl5 that 

j J ( W )  = p‘(w)/{[u + b”(0 ) ]2  + [ p ’ ( W ) ] 2 }  (B16) 

with 

~ ’ ( w )  5 Re p(u) = p(0)/[1 + (wT,)~]  (B17a) 

p“(u) Im p(w) = -WT,IJ’(W) (B17b) 

and 
P(0) = v27, (B 17c) 

Note that if we let p(0) f T J - ~ ,  then letting TR = TL+,  the 
Hubbard relation follows from eq Bl lb  and B17c, i.e. 

rRrJ = I/6kT (B18) 
Equation B18 is just a special case of eq B5 for w = 0. 

Appendix C. Perturbation Corrections to Line Widths 
and Frequency Shifts as a Function of e’ Near the Slow 
Tumbling Region 

The derivation of a modified motional-narrowing line 
width equation to include the effects of t’ is performed by 
means of a perturbation analysis on the symmetrized form 
of the slow tumbling equations given in the Appendix of 
part I. The perturbation method for these complex sym- 
metric matrices has already been discussed in several plac- 

We illustrate with the second-order coupling of the 
CO,O(~) (1) contribution into the Co,o(O) (1) term (refer to eq 
A1 of part I). (This latter coefficient determines the M = 
+1 or low-field line.) This contribution to Cg,o(O) (1) may be 
written as: X2/(Eo - E2) where 

es.29,66,67 

and is the off-diagonal coupling between the CO,O(~) (1) and 
Co,0(O) (1) terms; while Eo E (w  - wo) + 2b and E2 [(a - 
wo) + 2b - W(Fo + D’)]2/;7 + ~ T R - ~  are the diagonal ele- 
ments of CO,o(O) (1) and CO,O(~) (I), respectively, where the 
fluctuating torque terms have been included into E2 in a 
manner such as eq D9. 

Now near resonance for transition (l), we may in the mo- 

tional-narrowing region let w - 00 + 2b = 0 in the resulting 
expression. (When this approximation breaks down, then 
the line shapes will require slow-tumbling types of correc- 
tions.) This yields as the contribution l/5(Fo + D’I2/[%(Fo + 
D ‘ ) d 7  + iTR-l], the imaginary part of which contributes to 
the width, while the real part contributes to the dynamic 
frequency shift yielding an up-field shift since Fo + D‘ is 
positive [%(Fo + D’) - 6.4 X lo7 sec-l or 3.6 GI. 

It should be noted that such contributions are automati- 
cally exactly included in a slow tumbling program provided 
either e’ = 1 or else the effects of fluctuating torques are 
adequately included. 

In the presence of asymmetric parameters (k, F2 # 0 
and/or # 0), then to avoid some complicating features 
in the perturbation analysis we assume either (1) IF21 and 
ID(2)l are small compared to IFd and respectively, or 
else (2) the motion is anisotropic enough that ~ T ( O )  - T(2)I 
>> lF21, 1D(2)1. (In the absence of both conditions, then 
there are some accidental “degeneracies.”) The generaliza- 
tion of eq 5 of part I to the present problem is then found 
to be 

where 

j , K ( i )  = T(K)/[l + E’T(K)2UMK( i )2]  

i = 0;  4,5; or 6,7 K = 0 o r  2 

ou0(o) = -u>(o) = 2 / 7 ( ~ 0  + MD‘) 

( ( 2 2 )  

( ~ 3 a )  

and 

w,K(4,5) = (-1)M+% + (-l)K/21/7(Fo + )p‘) 
M = 0 or 1 K = 0 or  2 (C3b) 

mMK(6,7)  = (-l)’b + (-1)K’2 i/7@0 - 1/2, D’) 
M = 0 or 1 K = 0 or  2 ( c3c )  

Also 

j K ( O e )  = T(K)/[1 + €T(K)’Ww,2] ((24) 
and ~ M , , o ,  etc. are Kroenecker delta functions. The notation 
is otherwise identical with that of part I. 

The dynamic frequency shifts S ( M )  are obtained from a 
modified form of eq C1. One first relaces each j # ( i )  in eq 
C1 by iZMK(i) where 

The Journal of Physical Chemistry, Vol. 79, No. 5, 1975 



Esr and an Analysis of Fluctuating Torques 5 09 

k / ( i )  I <'I/' (-l)%K(i)j  M K ( 4  ( C 5 4  

k K ( u , )  _= €%$yo,) (C5b)  
Then the resulting expression is set equal to S ( M )  the dy- 
namic frequency shift of the Mth line. 

When t'7(K)2w#(i)2 << 1 then j#(i)  may be ap- 
proximated as 

while jK(w,)  is replaced by 

j , K ( i )  E T(K)[ l  - E 'T(K)2WMK(i ) ' 1  

and this may be used to simplify the analysis. 

Appendix D. Generalizing the Stochastic Liouville 
Equation 

( 1 )  Time-Dependent Stochastic-Liouuille Equation. It 
is possible to explicitly include the spin-Liouville operator 
xsx into the analysis of the rotational motion given in Ap- 
pendix B, and this leads to the form for the spin density 
matrix p~ for the B p a r t i ~ l e 5 ~ 9 ~ ~  

where 
N r(t - T )  E [ w B * J B  + L B * ( v L ) B  t 

(NB) (V,)B]6(t  - T ) -  

(V,),*G(t - ~ ) e - % ~  ( t - T )  [ 2 + (VJB] (Dla) 

The Fourier-Laplace transform of eq D1 yields 

p ( w )  = [-iw + iXsx + r (w) ] - ' p ( t  = 0) (D2) 
[For simplicity we have neglected any noncommutation of 
bath and spin variables in these expressions (although it is 
not n e c e ~ s a r y ) , ~ ~  i.e., this is a high-temperature approxi- 
mation.] It is, of course, then possible to collapse the de- 
pendence upon LB as before to obtain a result for r ( w )  
analogous to eq B4 (i.e., a generalized Smoluchowski form). 
One merely uses in eq B4 the expression 

@(O - Xsx) = v2[-i(o - xsx)  + T ~ - ' ] - '  (D2a) 

in place of eq B9a. One may then solve this expression for 
predicting slow-tumbling experiments. However, because 
of the frequency-dependence of r ( w )  one may not, in gen- 
eral, solve for the spectrum by only a single diagonaliza- 
tion, cf .  parts I and 11. 

(2) Augmented Stochastic-Liouville Equation. The con- 
ventional formalism of the stochastic-Liouville equation re- 
quires the use of a Markovian time-independent operator 
r.29,32a A stochastic assumption for the torques (e.g., G ( t )  
= Tze-t/TM), may, in the context of the standard stochastic- 
Liouville approach, be obtained by augmenting the I? oper- 
ator, used by Bruno and Freedt3 to discuss inertial effects 
to explicitly include a dynamical coupling to the fluctuat- 
ing torques plus a stochastic model for the relaxation of 
these torques (e.g., a diffusion of the orientation of the re- 
sultant instantaneous torque in the unit sphere). 

Such an augmented stochastic-Liouville equation will be 
time independent and can be effectively used to analyze 
slow-tumbling spectra by a straightforward generalization 
of the procedures of Bruno and Freed.53 We illustrate with 
a very crude example, which, however, is seen to reduce es- 
sentially to give the spectral densities of eq B10. 

We are primarily concerned with the limit when inertial 

effects are unimportant, i.e., RIP = kT/IP2 << 1. In this 
limit we wish only to solve to lowest order in RIP. In this 
limit (and only in this limit) the inertial problem, as dis- 
cussed by Bruno and Freed,53 may be satisfactorily approx- 
imated in a quasi-one-dimensional sense. Then, in the 
Brownian motion limit, for which T M  - 053 

where 

lj," 1'/2D,,L(sl) [ L ( L  + 1)]1"DkM~(S2) 
and u is the magnitude of the angular momentum. For sim- 
plicity of presentation, we only consider spherical symme- 
try, so K = M = 0 and we neglect these "quantum num- 
bers." One can then solve for P(Q,  u, t )  in terms of the ap- 
propriate eigenfunction expansion, in which the Hilbert 
space of u is spanned by the Hermite functions h,(v), while 
the needed orientation space is spanned by DooL(Q).  Then 
the coefficients a ~ , ,  in such an expansion obey the alge- 
braic equation (cf. ref 53, eq 34) 

f i a L , n - i ) Y L  = 6 n , 0  034)  
where y~ is defined by eq Bllc .  Since PIYL << 1, perturba- 
tion techniques allow one to solve for a ~ , o  in terms of only 
the coupling to the n = 1 coefficient. 

We now introduce the fluctuating torque as an extra de- 
gree of freedom, but in a very crude manner to obtain the 
augmented stochastic-Liouville equation 

[(u - 0 0 )  - i~rn laL,n , rn  + ~ L ( m a L , n + l , ~  t 

JZ aL,n-i,rn) + V[fi-aL,,,-i,,,,+i + 
J n 3 i J m a ~ , n + t , r n - i I  = 6,06rn,O (D5) 

where m = 0 or 1 and E,,, = m7M-l. This corresponds to a 
model in which the reduced torque V fluctuates between 
the two values iv with mean lifetime in each state of 2TM. 

For I V T ~  << 1, eq D4 is easily recovered from eq D5 with 
the understanding that a ~ , ~ , o  - a~,,, and @ V 2 i ~ .  The 
form of the term in V has been chosen in recognition of the 
fact that the torque acts to change the angular momentum 
(c f .  eq Bl) ,  and any dependence of the torque upon orien- 
tation of the molecule is neglected for simplicity. Again, in 
the spirit of simplicity we only consider terms to lowest 
order in YL.  Then in this limit eq D5 is simply for al;,o,o 

[ i A u ( l  - YL'/Q + Y L ' ~ ~ , / Q )  + Y ~ ' V ' ~ , / Q ] - ~  (D6) 

ia~,o,o = {iAw + yL2[ihu + V ' / ( i A U  + TM-')]Fi = 

where 

j ,  ~ ~ / ( 1  + A w ~ T ~ ~ )  

Q t Au2[1  - Pj,]' + V4jT2 

and 

(D7b) 
re- In the Brownian limit of TM - 0, but with V 2 r ~  E 

maining finite, Q - Aw2 + P2 and 

-i 

TL-'/(l + A W ~ / P ' ) ]  (D8) 

with 7~ defined by eq Bllb.  Equation D8 only includes the 
frequency-dependent inertial correction to very lowest 
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order in a = q,-l/& However in the limit of slow T M ,  more 
precisely /3jT >> 1, one gets Q - p 2 j T / T M  and 

which is the same result as eq B10. 

stochastic Liouville equation 
The augmented r of eq D5 may now be utilized in the 

and the problem solved in the manner of Bruno and 
Freed.53 

It is interesting to note that from the point of view of the 
augmented stochastic-Liouville approach some physically 
significant weaknesses of eq D5 are readily exhibited, and 
since the approach is nearly equivalent in its results to that 
of eq B4 and B8, it should be true of that approach as well. 
They are (1) when I V T M ~  >> 1 (as is the case for the experi- 
ments described here), then simple relaxation arguments 
do not apply, Le., there is a "slow-tumbling" condition with 
respect to the fluctuating torques. Thus a better dynamical 
description would more properly allow for the long persis- 
tence of the torques (e.g., one may let n = 0 ,1 ,2 ,  . . . etc. in 
eq D5 corresponding to a continuous range of V and a slow 
motional condition which brings in a whole range of the 
different relaxation modes corresponding to the different 
m values; this is formally analogous to the inertial effect 
problem of eq D4 and discussed in detail by Bruno and 
Freed). Also (2) the dependence of the fluctuating torques 
on the orientation of the B particle relative to the instanta- 
neous equilibrium position has been ignored. This is a very 
important consideration, and furthermore provides a 
mechanism for quenching the fluctuating torquec by reori- 
entation of the B particle. This would, in part, remove the 
difficulty (1). Then (3): the higher order mixing of inertial 
and torque terms when V 5 y~ has been neglected in going 
from eq D5 to D6, but a proper analysis of Such effects 
would probably require the correct three-dimensional 
model for the angular momentum (cf. ref 53). 

These important considerations will be discussed in de- 
tail elsewhere, but they emphasize the limitations of the 
simple models. 
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