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An analysis is given for motional effects on esr spectra of spin labels undergoing very anisotropic rota- 
tional relaxation in isotropic liquids. This analysis examines the spectral consequences for cases when 
the nitroxide is undergoing rapid rotation about a single bond, while the macromolecule to which it is 
attached is reorienting slowly. A simplified effective diffusion tensor R is employed such that R refers to 
the bond motion and R 1 to the effects of overall rotation, This approach is seen to be a useful approxima- 
tion to developing the motional corrections to the effective time-independent S parameter approach of 
McConnell, et al. Our analysis including motional effects is found to be in good agreement with recent 
experiments of Wee and Miller on spin-labeled polymers. We show how motional effects may account for 
certain inconsistencies of results on polymer and membrane studies originally interpreted in terms of the 
effective time-independent approach, and how motional effects can influence the interpretation of the S 
parameter. 

Wee and Miller2 (WM) have recently studied esr spec- 
tra of solutions of spin-labeled polybenzylglutamate 
(PBLG) polymer in dimethylformamide (DMF). This sys- 
tem was found to have many of the spectral characteris- 
tics of spin label studies in membrane models and mem- 
branes.3-6 We have found their results both intriguing in 
their similarities to the other work as well as in the re- 
duced ambiguities of the physical-chemical nature of 
their systems. 

WM analyze their spectra in the manner of Hubbell, 
McFarland, and M ~ C o n n e l l , ~ - ~  who have utilized an ef- 
fec%ive time-independent spin Hamiltonian to account for 
rapid anisotropic motion. That is, the spin Hamiltonian 
for a nitroxide radical, whose motion is so slow as to yield 
rigid-limit spectra, is 

(1) 
where Bo is the applied dc field, g and A are the g and 
hyperfine tensors. However, a nitroxide spin label under- 
going a complicated but very anisotropic motion is ap- 
proximated by considering the motion about some molec- 
ular axis u as being very fast while the motion perpendicu- 
Par to that ax16 is very slow. This leads to an effective 
time-independani rigid-limit Hamiltonian 

f ix = lP,ISsg’.Bo +- hS.A’.I - g,@,I.Bo (2) 
where the effective g’ and A’ tensors are axially symmet- 
ric about u, so one need only speciSy g ’, g,’, A ’, and A ,  ’ 
in the usual notation. The use of such an effective Hamil- 
tonian is based on the assumptions that (1) the motion 
about u ,  which may be described by an effective rotational 
diffusion tensor component7 R , is so fast that residual 
time-dependent effects of the averaging process, which 
could lead to  line broadening, etc. are negligible and ( 2 )  
the motion perpendicular to u ,  described by an effective 
R.L, is so slow, its effects on the spectrum are negligibte. 

Thus the effective Hamiltonian of eq 2 corresponds to 
the limiting case in which R I ~ [ ~ R  ,, = (6Ril )-I] and R i [ T R ~  

= (6R L )-1] are respectively too fast and too slow to appreci- 
ably affect the spectrum. The rotational correlation time, 
r R  =: (6R)-’ where R = IRA Rii ) ] I 2  Is undefined. It is an ob- 
jective of this work to show that the results of WM as well as 

fix = I@,IS“g-B, f hS.A.1-  gNPUI*Bo 

much of the spin-labeled membrane work show unmistak- 
able motional effects, contrary to their original interpreta- 
tion in terms of eq 2 .  

One may relate the A’ of eq 2 and A of eq 1 in terms of 
the direction cosines aL, i = x, y, or z of u in the molecular 
principal axis system. One takes the principal axes of A 
(and of g) such that the z axis is along the 2p-n orbital of 
nitrogen. The x axis is along the N-0  bond, with the y 
axis perpendicular to the other two. Then one has 

- 
A,’ = % (1 - a12)A, (4) 

, = x i  2 

where the superbars imply time averages. Similar equa- 
tions hold for the elements of g and g’. In many nitroxides 
A ,  = A,, so eq 3 and 4 become 

( 5 )  All’ = A, + 2/3(A, - A,)S 

A,’ = %(3A0 All’) (6) 
where Ao is the isotropic hyperfine tern; 

A, = 1/3Tr (A)  = 1/3Tr (A’) = A,’ ( 7 )  
and S (by analogy with liquid crystalline spectra) is 
known as the order parameter and is given by 

- 
S = %(3aY,’ - 1) =(AI; - A,’)/ (AZ - A,)  (8) 

Thus S is a measure of the mean rotational amplitude 
leading to X’, such that when S = 1, eq 2 becomes identi- 
cal with eq 1 corresponding to the nitroxide exhibiting no 
motional averaging; while when S = 0, A ,  ‘ = A,’ = A .  
corresponding to isotropic rotational motion with a corre- 
lation time less than about 1 nsec.6 Hubbell, et a1.,3-6 

have emphasized that for this interpretation in terms of 
the “pseudoaxial” rigid limit of eq 2 to be valid, one must 
have Tr A = Tr  A’ according to eq 7 ,  which follows di- 
rectly from the rotational invariance of the trace of a ten- 
sor. We wish, in this work, however, to show that, while 
this condition is a necessary one, it is not, in general, suf- 
ficient as a result of motional effects. Before we consider 
our analysis in terms of motional effects we wish to review 
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some of the relovant experimental results and their origi- 
nal analysis. 

Generally, Ao’ as determined from spectra based upon 
the effective spin Hamiltonian of eq 2 have been found to 
fulfill the cricer on of eq 7. However, A0 for nitroxide radi- 
cals is weakly dependent upon solvent polarity, and this 
has sometimes resulted in uncertainty as to whether the 
criterion of eq 7 is fulfilled especially if the environment 
of the spin label is not known. Thus, in the work of Hub- 
bell, et al., variations in Ao’ have been interpreted as 
changes in the polarity of the local environment of the ni- 
troxide group, and a correction has been used to adjust 
the measured S for the polar-hydrophobic e f f e ~ t . ~  Spectra 
of the dimethyl ~A~-oxyloxazolidine (DOXYL) long-chained 
spin labels in phospholipids and membranes are satisfac- 
torily simulated with an effective X’ of eq 2 with one ex- 
ception (cf Figires 2-4 of ref 5 ) .  In this case, those com- 
puted spectra, which gave the best overall agreement with 
the observed spectra, still had outer hyperfine extrema 
that were narrager arid of greater amplitude regardless of 
the line shape assurnod. Although the principle source of 
this discrepanc] may well be due to line broadening from 
heterogeneity of the fatty acid chains of the lecithin host, as 
suggested by Hubbell and McConnell,5 we note that the 
widths of outer hyperfine extrema can be markedly broad- 
ened by a rota:ional uncertainty-in-lifetime effect which 
can broaden these outer hyperfine extrema without signif- 
icantly shifting their positions.8 So it is possible that a re- 
sidual motion t~ ansverw to the symmetry axis v is respon- 
sible fjm this discrepancy, although an orientation-depen- 
dent line width could also adequately account for this dis- 
crepancy. The fsct that  M, may be fast enough that it af- 
fects the spectrum has been generally recognized. The rig- 
orous theory of Freed, Bruno, and Polnaszek (FBP)g has 
already been us3d to slirnulate spectra where the motion is 
anisotropic but the motional effects from bath R l l  and R i  
have direct obsevable effects on the spectrum.l* 

We give in Tables I-IE some of the published experi- 
mental data for anisotropically immobilized spin labels. 
They include tl e results of ref 5 (Table I), ref 12 (Table 
It), and WM (Table 1111). These data have several trends 
in common. HI bbell, et al., have noted that as A ap- 
proaches A,, S approaches unity end the symmetxaxis of 
x’ must approxh thie molecular z axis. Cos-l (az2)1/2 is 
referred to as the mean angular deviation between v and 
z In Tables E-1 I, an increase in A ’’ and the resulting in- 
crease in S is accompanied by an increase in &’. Most, 
but not all, of ?he published data exhibit this phename- 
non of an incretse 11i.40’ with an increase in S.2,5J1J2 In 
the case of the 1IOXYL spin labels in aqueous dispersions 
of natural phospholipids this trend in Ao’ is as noted ex- 
plained as an ircrease in the polarity of the environment 
of the nitroxide as ii, is attached closer to the polar head 
group. The valw of ‘40 becomes as great as 15.2 G, which 
is the value of the isotropic hyperfine splitting of the radi- 
cal in pure dlistilled water. Seelig, Limacher, and Rader 
have attributed this variation in terms of electrostatic in- 
teractions between the nitroxide dipole and the dipolar re- 
gions of the bilsye1.~3 The increase in S and its interpre- 
tation as a restriction in the motional amplitude of the 
DBXYL ring concornit ant with an increase in the polarity 
of the environment 21% the DOXYL spin label i s  attached 
progressively closer to the polar head group i s  brought 
into question by m r  analysis below. 

As already noted, the results of WM have characteris- 
tics similar to that of tke DOXYE spin labels in membrane 

TABLE Ia 
Spin label All’, G A i ’ ,  G An’, G gll’ - gi’ S 

IV(10,3) 2 7 . 8  9 . 0  1 5 . 2  -0.0036 0 .695  
IV(7,6) 2 6 . 0  9 . 5  15 .0  -0,0033 0 . 6 2  
IV(5,lO) 2 1 . 8  1 0 . 3  1 4 . 1  -0.0026 0 . 4 6  

a Table I entitled “Resonance Data for Phospholipid Spin Labels I Y  (m,n) 
in Egg Lecithin-Cholesterol (2 : 1 Mole Ratio)” of ref 5 ,  

TABLE 110 
Probe T, O C  All’, G A i ‘ ,  G Ao’, G S 

4 NS 22 2 6 . 6  9 . 3  1 5 . 1  0 .65  
4 NS 5 2 9 . 1  8 . 0  15 .1  0 . 7 2  
9 NS 5 2 5 . 0  9 . 7  1 4 . 8  0 . 5 8  

12 NS 5 2 3 . 3  1 0 . 1  1 4 . 5  0 . 5 2  

a Table 3 entitled “Behavior of Spin-Probes incorporated into Aqueous 
Dispersions of Lipids Extracted from Microsomal Preparations” of ref 12. 

models and membranes in that an  increase in A l l ’  results 
in an  increase in S, which is concomitant with an increase 
in Ao’. However, in this case, the increase in Ao’ is clearly 
not primarily due to solvent effects, because the PBLG 
polymer has a chemical composition similar to that of the 
DMF solvent. When we note that Ao is found to be essen- 
tially independent of temperature for similar nitrox- 
ides,1°J4 then the changes in the apparent Ao’ with tem- 
perature in the results of WM appear to be definitely 
anomalous. 

I t  is this anomaly, most unequivocal in the results of 
WM, which first prompted us to consider the possibilities 
that motional effects in these spectra are leading to inac- 
curacies, if not a break down, in their interpretation in 
terms of eq 2 .  T h a t  is, what happens when  ( 1 )  R , is slow 
enough and /or  (2 )  R ,  is fast  enough to lead to motional 
effects? It  is already known, in the simpler case of isotrop- 
ic rotation, that an  increase in All’ may be interpreted in 
terms of a slowing of the motion of the spin label.15 Thus, 
perhaps, in the case of “anisotropically immobilized” spec- 
tra, an increase in A , , ’  may be due to a decrease in R l  .I6 

We have developed, for problems of this sort, a slow 
motional computer program17 based on the rigorous theo- 
ry of FBP.g It  allows the principal axes of R ( i e . ,  x’ ,  y’, 
and 2’) to be tilted relative to the principal axes of the 
magnetic tensors. The irreducible tensor components of A 
and g are then expressed in the x’, y‘, z‘ coordinate sys- 
tem. We take 0 to be the angle between z’ and z .  (Note that 
u corresponds to z’ . )  In our analysis of the results of WM 
we tilted z’ toward x ( i e . ,  the symmetry axis of R lies in a 
plane formed by the 2p-T orbital and the N-Q bond).18 
Thus 0 is the same as c0s-I W)ll2 of Hubbell, et al., while 
c0s-l (cyxz)1/2 is ( ~ 1 2 )  - 0 and cose1 (T)1/2 is s/2. 

We show in Figure 1 a set of simulated spectra designed 
for comparison with the results of WM, some of which are 
shown in Figure 2 with an illustration of their spin label 
in Figure 3 .  The series of spectra shown in Figure 1 (la- 
beled A-I) were computed with a constant value of R ,  = 
3.33 X lo6 sec-l or T R  L = (6R  L )-I = 5 X fO-& sec but with 
T B ~ ~  ranging from 6 X sec through 5 X 10-8 sec. Fur- 
ther, we have used a value of 0 = 41.7” corresponding to an S 
= 0.336, and this value of S remains unchanged for all the 
simulations. The spectra were calculated for spatially iso- 
tropic distribution of spin labels, Le., there is no true or- 
dering. We have also prepared a table ( c f .  Table IV) in 
the manner of Tables I-ID, in which the simulations have 
been analyzed as if they were from anisotropically immo- 
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Spectrum cos-1 ( 2 ) 1 ’ 2 ,  

index V? T, OC Ail’, G A-IL’, G AA‘, G AQ’ s deg 

F 0.42 
0.30 

:E 0.20 

0.187 
I3 0.148 

IC 0.128 
B 0.092 
.A 0,008 

Rtc 
R t  
Rt  

4 
- 43 
R t  
Rt  
- 43 
R t  
R t  
R,t 
- 43 

22.5 
21.3 
21.2 
22.8 
25.8 
21.1 
21.2 
26.4 
20.6 
20.2 
19 .8  
25.8 

11.2 
11.2 
12.0 
11.6 
10 .8  
11.9 
11 .9  
10 .8  
11.6 
11.5 
11.7 
10.9 

11.3 
10.1 
9 . 2  

11.2 
15.0 
9.2 
9 . 3  

15 .6  
9 . 0  
8 . 7  
8 .1  

14.9 

15.0 
14.6 
15 .1  
15 .3  
15.8 
15.0 
15.0 
16.0 
14.6 
14.4 
1 4 . 4  
15.9 

0.452 
0.404 
0.368 
0.448 
0.600 

0,272 
0.624 
0.360 
0.348 
0.324 
0.596 

0.360 

37.2 
39.1 
40.5 
37.3 
31.1 
40.5 
40.3 
30.1 
40.8 
41.2 
42.2 
31.2 

Data from Tabie I of Wee and Miller (ref 1). * The polymer concentration (volume fraction) in DMF. Rt  denotes room temperature. 

-- 
TABLE IV 
I_ 

cos -1 cos -1 

Spectrum 
index 

TRl ; ,  
nsec 

27.6 
16 .7  
8 .33  
4.17 
2 50 
1.67 
0.278 
0.167 
0.033 
O d  

0.06 
0.10 
0.20 
0.40 
0.67 
1.00 
6.00 

10.0 
50.0 

m a  

Ail‘, G 

18.9j 
18 .9  
19 .2  
20.2 
22.6 
24.1 
27.3 
27.7 
29.75 
30.8 

AiL‘ ,  G 

11.5  
11.3 
11.1 
10.7 
10.35 
10 .9  

C 
C 
C 
C 

7 . 4  14.0 43.2 -0.0008 0.296 2.0051 
7.6 13.8 42.9 -0.0008 0.304 2.0051 
8 . 1  13.8 42.2 -0.0010 0.324 2.0050 
9 . 5  13.9 40.0 -0,0014 0.380 2.0047 

13 .2  15 .3  34.1 -0,0017 0.528 2.0033 
12.25 14.4 35.7 -0.0025 0.490 2.0037 

2.0030 
2.0028 
2.0025 
2.0021 

gL I 

2.0059 
2,0059 
2,0060 
2.0061 
2,0062 
2.0058 

c 
C 
c 
C 

2.0056 55% 
2.0056 55 
2.0057 57 
2.0056 60 
2.0054 80 
2.0050 47 

‘‘ A pcak-to-peak residual derivative width of 1.0 G was used. * A peak-to-peak residual derivative width of 3.0 G was used. The inner hyperfine extrema are 
From cbnstruction cos-.’ not retrolved. 

(2)’’’ = n / 2 . ’ I E S  = 0.336isused~os-~(a~~)~’~equals50~,seetext. 7 If (30.8G - 29.75G) is added to  Ail’then S = 0.338.2’ 
El and R I ,  are 0. e S and 0 1 ~  are defined here by eq 8. ’ An’ is defined by eq 7. 0 go’ is defined as l/a(gz’ + g,‘ + gs’). 

bilked spin labels, and we note it exhibits the typical 
aforementioned trends of the actual experimental results. 

Our choice for T R L  is somewhat arbitrary, but we note 
that Tn values of about 1.5 x loe5 and 7.5  x sec 
were estimated by WM for relaxation of and about the 
helix axis, respectively, of their helical polypeptide (with 
a weight average molecular weight of 122,000 consisting of 
an average of 560 monomeric units) from standard equa- 
tions given by Perrin.z*7J9 Note, however that even an 
isotropic 7 R  of 7 . 5  x 10-8 sec will not significantly de- 
crease the separation of the outer hyperfine extrema below 
that of the rigid limit ( i e . ,  A, 2 A 2 0.96A,).15 Thus a 
comparison of spectra I and J in Figure 1 for an isotropic 
7~ = 5 x 10 8 see and the rigid limit, respectively, shows 
that the spectra are not substantially different except for a 
somewhat broader appearance for spectrum I. The simula- 
tion Figure 11 is in good agreement with spectrum Figure 2G 
of WM, which j s  for the solid end-labeled polymer near the 

We note that the spectrum Figure 2B of WM closely re- 
semblles the computed spectra A and B of Figure 1. Ap- 
parently the rotational motion about the symmetry axis is 
very rapid and very unlikely attributable to the much 
slovver motions of the polymer itself where 7 R  2 sec. 
The rotational rate R is typical of that for motion about 
single covalent bonds (see below). WM have argued that 
the nitroxide spin label of this end-labeled polymer is only 
free l o  rotate about the single covalent bond joining the 
piperdine ring to the terminal peptide nitrogen (NH-CH 
bond), and these simulations support their arguments, 
becaiise it is reasonable that R be taken as the rotational 
rate about this single bond (e.g., Brevard, e t  al., deter- 
mined a correlation time of 1.1 x sec for rotation 

about a sterically hindered single bondz0). Although the 
internal motion of the nitroxide radical relative to the 
polymer was considered by WM, they did not appreciate 
that the changes in the progression of their spectra in Fig- 
ure 2 were likely due to the slowing of the internal motion 
of the spin label. 

The outer and inner pairs of extrema in Figures 1 and 2 
are clearly not spaced about the same field position. This 
noticeable g factor asymmetry is consistent with a tilt 
toward the x axis; a corresponding tilt toward the y axis 
would result in noticeably less g factor asymmetry. The 
assignment of R l l  to motion about the covalent bond link- 
ing the polymer to the piperidine ring is consistent with 
the rotational symmetry axis being in the xz plane ( i . e  , in 
the plane formed by the N-0  bond and the 2p-7r orbital of 
the nitrogen in Figure 3) .  

As motion about the symmetry axis slows ( i  e., R de- 
creases), an increase in the apparent ordering parameter S 
is seen in the data of Table IV. The increase in S results 
from an increase in A ’, which is eventually not compen- 
sated for by a corresponding decrease in A,’ required by 
the rotational invariance of Ao’. An increase in the appar- 
ent Ao’ parallels an increase in apparent S much as in the 
case of the investigations of membranes and membrane 
models with the DOXYL radicals (cf Tables I and 11). 
However, for the data of WM ( c f .  Table IIII), the increase 
in Ao’ which accompanies the increase in S as the temper- 
ature is lowered can be taken as a clear indication that 
the limiting case of a fast 7 R  is no longer applicable. 

Hubbell, et al., have implied that the first observable 
effect of incomplete averaging by motion about the sym- 
metry axis is an overall broadening of the spectrum, and 
the interpretation in terms of x’ of eq 2 and the ordering 
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b H 4  
20 GAUSS 

Figure 1. These simulaiions were computed with the magnetic 
parameters of the DOXVL spin label where Az = 30.8 G, A x  = 
A, = 5.8 G, gx 2.0089, g, = 2.0058, and gz = 2.0021.5 The 
symmetry axis of the rotational-diffusion tensor IS defined in the 
molecular axis system by the angles cos-l ( s ) 1 1 2  = 48.3", 
cos-1 (G)1/2 = 90.0°, end cos-' (G)l/* = 41.7'. 7uL is 5.0 
X was varied in th i s  series of simula- 
tions. In these spectra the resonant magnetic field for g = 
2.0056 occurs at 3235 G. See Table I V  for values of 7uIl and re- 
sidual derivative width used in the simulations. 

see and only +R 

parameter remains unchanged.3b It is clear from our series 
of stimulations, that, ii" T R  is slow enough to broaden the 
spectrum, a change ~i the apparent S will also result. 
Note that given our analysis, the internal motion of the 
piperidine ring its only slightly dependent on the bulk vis- 
cosity 7 (or alternatively on polymer concentration). In 
the series of room temperature spectra Figure 2A through 
2F of WM, 17 has increased considerably more than the 
order of magnitude that R l l  has decreased, while the spec- 
tra a t  -43" are all quite similar.2 The rotational rate R l  , 
if identified with the motion of the piperidine ring about 
the NH-CH bond, implies that 6 be identified as the 
angle between the 2p-a orbital of nitrogen (molecular z 
axis) and the linking covalent bond. It appears that this 

n 

Figure 2. Esr spectra of polybenzylglutamate labeled with 
2,2,6,6-tetramethyl-4-aminopiperidine 1-oxy1 in dimethylformam- 
ide solutions of varying concentrations at room temperature. 
The polymer concentration (volume fraction) was (A) 0.008, (B)  
0.0917, (C) 0.128, (D) 0.148, (E) 0.200, ( P )  0.42 (0.5 weight 
fraction), and ( G )  1 .0  (solid polymer). (Fromref 1 ,  with permis- 
sion). 

tilt angle remains essentially unchanged, through the se- 
ries of experiments of WM (as assumed in the simula- 
tions), which is expected if the tilt angle depends only on 
the geometry of the piperidine ring. This is supported by 
the absence of significant changes in the observed spectra 
due to phase transitions (i. e. ,  transitions between isotrop- 
ic, biphasic, or liquid crystal phases), plus the fact that 
the overall motion of the polymer is slow enough so as not 
to affect the spectrum. 

Spectra A and B of Figure 1 are representative of the 
case where R \ !  i s  large enough to completely average the 
"time-dependent'' part of the Hamiltonian ( i e . ,  - X') 
and R ~ ' i s  too small to significantly shift the positions of 
the outer hyperfine extrema. Thus they effectively repre- 
sent the limiting case of Hubbell, et al. One may confirm 
this by determining the pseudo-axial A' from the comput- 
er simulations of Figure 1A and IB. One then obtains (in 
the manner of Seelig2I) an order parameter in good agree- 
ment with the value of, 0 used in the simulations. The dis- 
crepancy of 1.5" between B and the one obtained from S of 
our simulations probably results from our assumptions of 
motion due to R L . ~ ~  
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Figure 3. End-labeled polybenzylglutamate, right-handed a-helix. 
(From ref 1,  with permission). 

Whien R is no longer fast enough to average out the 
“time-dependent” part of X, then an increase in the ap- 
parent S results, as well as eventually an increase in the 
apparent Ao’. This is clearly seen in Figure 1 and Table 
IV. This increase in the apparent Aa’ is clearly observed 
in the work of WM. We again emphasize that 0, hence the 
true S, is unchanged in our simulations. 

If R is the rotational rate of the piperidine ring about 
the covalent bond attaching the spin label to the polymer, 
an Arrhenius-type dependence of R is expec ted .23~~~  The 
similarities between the spectrum of Figure 2B of WM 
and Figure 1B imply a R l l  for the piperidine ring of about 
1.67 x lo9 sec-l at  room temperature and a volume frac- 
tion of 0.0917. Likewise, the similarities between Figure 
2F of WM and Figure 1F imply a R of about 1.67 x lo8 
sec-I. Note that Figure 2F of WM resembles all their 
spectra at -43°.2 Thus one may use the same value of R ,  
for -43”. One then estimates an activation energy of 1.9 
kcal/mol from these results, which is a reasonable value 
for the rotational barrier about a single bond.20 WM do 
not provide enough temperature-dependent data to other- 
wise confirm an Arrhenius-type behavior. 

There is one aspect of our computer simulations which 
differs somewhat from the experimental spectra of WM. 
That is, our simulations show somewhat excessive width 
and related reduced amplitude of the outer hyperfine ex- 
trema. This clearly indicates that a T R L  of 5.0 x 10-8 sec 
is too short; a longer value of T R  would narrow these ex- 

trema and improve agreement with observed amplitudes. 
Also, as already noted, the positions of the hyperfine ex- 
trema would not be significantly shifted. We have already 
called attention to the opposite discrepancy in comparison 
with results of Hubbell and McConnell, and this could 
mean a T R L  on the order of 5.0 x 

We wish to emphasize that from our above analysis, 
even if eq 7 is fulfilled, our simulations Figure 1A-E and 
Table IV show that substantial changes in apparent S can 
occur without a real change in 0 as a result of a slowing of 
R l  . It is clear, then, that  changes in apparent S can result 
from a slowing of the motion about v as well as a change 
in c0s-I (Le. ,  the mean angular deviation be- 
tween u and z ) .  Therefore the invariance of T r  A is a nec- 
essary, but not sufficient, condition that motion about v 
be sufficiently rapid to permit the spectrum to be ana- 
lyzed in terms of the effective static Hamiltonian of eq 2. 
It would appear that the rotational rates expected for co- 
valent single bonds at  room temperature are not, in gener- 
al, fast enough to fulfill this condition. 

Even in DOXYL spin label membrane systems where 
Ao’ is independent of SI3 and/or ternperature,l2 the quan- 
titative interpretation of the variations in S based upon eq 
2-8 is uncertain, because the condition that trace (A) be 
invariant is a necessary, but not sufficient, condition. i n  
any case, a change in S can arise from a real change in the 
angle between u and z or a change in  the rotational rate 
about v as is the predominant phenomenon in the remain- 
ing spectra of WM. In general, these two phenomena can- 
not be distinguished unless the rotational rate about v 
slows to where Ao’ is clearly anomalous, and/or the 
slowed motion manifests itself in the other spectral char- 
acteristics illustrated in Figure 1. Note the difference in 
the spectra A and B of Figure 2 has been shown by com- 
putations to arise from a shorter T R L  of about 3.0 x IO-* 
sec for spectrum A. Apparently at  infinite dilution the 
motion of the polymer is significant. Calculations of a sta- 
tistical mechanical variety of S itself are not always fully 
justified, since, in general, it cannot be proved that 
changes in S did not arise from a change in the rotational 
rate about u.25 However, the alternative of careful analysis 
of the complete spectrum holds open the possibilities of 
obtaining considerable information of interest. 

At this point it should be emphasized that the widely 
used interpretation of S as a qualitative indication of the 
viscosity or the “fluidity” of the environment of the spin 
label is not changed. 

One should, of course, recognize that our above analysis 
in terms of a single R ,  and R I  represents a considerable 
simplification of the complex dynamics of poiymer motion 
as well as localized bond motions, including internal rota- 
tions. A somewhat more complete analysis would, for ex- 
ample, include the coupling of the internal rotation of the 
piperidine C-N bond to the overall anisotropic rotation of 
the helical polymer requiring the specification of R for the 
polymer, a T R  for the bond rotation as well as the tilt 
angle 0.26 ,27  However, as long as the internal rotation is 
much faster than the overall motion, it can be treated as 
uncoupled from the latter. Also, to the extent that the 
overall motion is only showing marginal spectral effects, it 
would be difficult to obtain anything more precise than an 
effective R I ,  as we have done above, as opposed to an ac- 
tual R tensor. Of course, in principle, there are the helical 
flexing modes of motion, which are also slow, and which 
would be contributing to that quantity we refer to as an 
effective RL. Finally, in this regard, we note the impor- 

sec in their systems. 
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t ame of localized cooperative modes of relaxation for the 
polymer motions even in isotropic polymer solutions of 
moderate conceatration, and it becomes even more impor- 
tant in liquid-crystalline phases (cf. ref 17, 24, and 28). 
We also note that our analysis implies the internal rota- 
tion i s  Brownian, while a more complete analysis would 
include potential barriers and the possibilities of reorien- 
tation by jumps of substantial angle. Thus our analysis 
given above may be regarded as the first approximation to 
the motional corrections to the effective time-independent 
approach of I-lukhell, e t  ai. 

In conclusion, we cd1 attention to the fact that spectra 
of the “anisotropically immobilized” type do exhibit in- 
teresting dependencim on the molecular dynamics of the 

henomena related to motion about the 
symmetry axis of the rotational-diffusion tensor and even 
transverse to tLe symmetry axis have been observed ex- 
perimentally bu > not generally recognized as such. 
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