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Abstract - New methods of investigation of the structure and
amics of macromolecules and their interactions in solu=-
tions based on the ESR and NMR of spin labelled molecules are

considered., It is shown that such important characteristics
of macromolecules as the local monomer unit density in a
macromolecular coil, segment size, characteristic rotational
times of segments, local translational diffusion coefficients
of segments, interpenetrability of macromolecular coils, can
be determined by these methods.

In the last decade new ideas have been advenced and new techniques based on
using spin labels and spin probes developed for characterization of macro-
molecules, The physical smentals underlying these methods reside in the
electron-nucleus and electron-electron interactions modulated by both rota-
tional and translational molecular dynamics that affect the linewidth of
ESR and NMR spectra of spin labelled macromolecules. Nitroxyl radicals are
currently the most commonly used spin labels and probes.

These ideas and methods have since received considerable acclaim and were
discussed, in particular, in Midland, USA at the 1978 conference initiated
and organized by Prof. R. Boyer (Ref. 1).

In this paper new results obtained in Institute of Chemical Physics by ESR
and NMR of spin labelled macromolecules will be reported. It is shown below
what kind of information about the characteristics of macromolecules may be
expected from these methods.

CHARACTERISTICS INFORMATION

Physical structure the local density of monomer units
in macromolecular coil;
the size of segments;

Molecular dynamics characteristic rotational times
of segments;
local translational diffusion
coefficients of segments in a
macromolecular coil;

Macromolecular interactions  interpenetrability of macromo-
lecular coils;
local monomer unit densities of
the guest and host macromolecules

THE ESR OF SPIN LABELLED MACROMOLECULES: ROTATIONAL
DYNAMICS AND SIZE OF SEGMENTS

Molecular rotation of the spin labels and probes modulates the magnetic
electron-nucleus interaction and Zeeman interaction anisotropy; therefore,
the linewidths of the ESR spectra of spin labels and probes are extremely
sensitive to the rotation frequency. This phenomenon is the physical founda-
tion on which the spin label and probe techniques are based. However, spin
labels as a rule are joined to the polymer chain via several chemicai bonds
with free internal rotation rather far distant and isolated from the polymer
segment., For this reason the rotational motion of the spin label is not im-
mediately related with the rotational or re-orientational motion of the
macromolecular segment to which the spin label is attached.
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To be able to measure the dynamics of segment rotation it is necessary to
f£ind out the relation between label rotational frequency and segment re-—
orientation frequency. The first agpproach to this problem was formulated by
Hubbell and McConnell (Ref. 2) and their findings were later developed by
Timofeev et al. (Ref. 3) and applied to the investigation of biomolecular
dynamics., We too have used their gpproach for the characterization of syn-
thetic polymer macromolecules (Ref, 4).

The underlying physical considerations are as follows. A spin label takes
part in two types of motion: fast anisotrogic rotation with respect to macro-
molecular segment with a period 7L <€ 1x10-Y sec and a slow rotation or re-
orientation together with the segment with the characteristic time T»T1,
(Fig. 1) . T™e fast rotation of spin label inside a cone with a precession

Fig. 1. Schematic representation of the spin label precession
relative to a macromolecular segment.

angle o with respect to the macromolecular segment leads to a partial
averaging of the dipolar electron-nucleus interaction and anisotropy of the
Zeeman interaction that may be quantitatively represented by the paramster

S = aA/ sA 1)
where A4A = Azz - 1/2(A wx * Ay.y); Ad = A" - A;

are the principal values of the dipolar electron-nucleus in-

A A
e o T ey

y and K, are partially averaged components of dipolar interaction given
by the formulas:

Ay = 8550 + b/3(coszo(, + cosd ) (2)
i & g0 * b/6(cos’A + cosd ) (3

where &y oo = V3(A + Ao + A 03 b= Ay, = (A + Ap)/2

The physical meaning of parameter S is that it defines what portion of the
dipolar electron-nucleus interaction is averaged due to label rotation and
what portion of it is averaged by rotational or reorientational motion of
seguent itself., It characterizes the steric hindrances limiting the label
mobility and is related with the precession angle by the following relation-

ships

S = 1/2 (cos?A + cosdl ) : )

For a spin label rigidly fixed to macromolecule, S = 1, The smaller S cor=-
responds to a larger precession angle o and at 8 = O the label rotates
freely and isotropically, its motion being practically independent from the
segment motion and totally averaging the dipolar electron-nucleus interaction,
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The characteristic segment rotation times can be found in the following man=
ner, The effect of viscosity on the parameter 2A} of the ESR spectrum
(PFig. 2) is investigated and plotted as a function of (T/Q ). As an example,

| 2A“ J——

106

Fige 2. A typical ESR spectrum of & spin label with a par-
tially retarded rotation.
Fig. 3 illustrates such a relationship for a spin labelled polyvinyl pyri-
dine solutions in ethanol-glycerin mixtures. The fact that the 247  versus
(T/I—[ )0'84 relationship is linear means that the theoretical description of

10 20 3

0
(™

Fige 3. Viscosity effect on parameter 2A! for spin labels

with partially retarded rotation.

the spin label motion is adequate to real situation. A deviation from the
model at higher viscosities may occur as a result of violation of the theo~-

retical model conditions, viz. the label rotation times begin to exceed
values for T/h—~ 0 we find the averaged

1x10-9s, Extrapolating the 2A[ h

value of 24, and using Eq. t'l) may calculate S, Then, for every point of
the curve in Fig. 3 we determine 4,= 247 -~ 2A! and using the theoretical-
T relationghip we find the characteristic seg-

1y calculated 4, versus
ment rotation time T . Such theoretical relationships are presented in
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Fig., 4 for different S.
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Fig.4, Relationship between parameter A, and characteristic
rotation time of segment T .

We have used this procedure for characterization of the segment motion in
the following spin labelled macromolecules:

poly-4-vinyl-pyridine (PVP) I and II

-(CH2 - CH)n - (CH2 - CH)m- —(CH2 - CH)n - (CH2 - CH)m -
Or O O &
¥ N N+ =
HIT—-&:O )
/ (CH2)2
H,C
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polyvinyl pyrrolidone (PVPyr) III and IV
~(CH, - ?H)n "‘(CHZ - CH), - =(CH, - ?H)n - (CH, - ?H)m -

N H N QHZ
| I H,0—CH >EN/<

III Iv
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polyvinyl caprolactam (PVC) V and VI

~(CH, - (IJH)n - (CH, - CH), -  =(CH, - cl:mn - (CH, - (l)H)m -
N N
0=¢"" \CH2 " 0=¢c"" \CH2 o
J . ”
(CH,), i (CEL) 3
0* N
0.
v VI

labelled with different nitroxyl radicals. The concentration of spin labels
is small and does not exceed one per 100~200 monomer units.

In Table 1 are listed the characteristic times of the rotationsl motion of
segments, T , and parameters S characterizing the freedom of rotation of the
spin label itself.

TABIE 1, Segmental mobility and size of segment in spin
labelled macromolecules (ethanol, 259C)

Macromolecules Mx10° S8 Tms r, % v, ¥
PVP-I 250 0.56 3.3 14 11.5x10>
PVP-II 250 0,20 3.3 14 11.5x10°
PVPyr~III 70  0.81 4.4 15,5 154610
PVPyr-IV 60 0,74 ok 15.5 15.6x10>
PVC-V 25 0.81 8.0  18.0 24,5102
PVC-VI 30 0.76 8,0  18.0 24,5%10°

It is important to note that T does not depend on the spin label, i.e.
the times listed characterize the motion of the macromolecular segments
themselves rather than that of a spin label. Parameter S does depend on the
spin label: the more rigidly the label is fixed to the polymer segment the
more limited is the label motion and the closer is S to unity.

The effect of solvent viscosity on the segmental mobility (in ethanol-gly-
cerine mixtures) obeys the Stokes-Einstein formula, whence one can determine
the hydrodynamic segment radii r and the corresponding segment volumes v
(see Table 1).

In PVP the activation energy of segment rotation is 4.4 kcal/mol and the pre-~
exponential factor has a "normal" value of T; = 2x10~13s,

Parameter S does not depend on the viscosity when temperature is constant
but greatly varies with temperature (Table 2).

TABLE 2, Temperature effect on parameter S and
precession angle A in PVP

¢ s &£

-20 0.78 30°
0 0.68 40°
25 0.56 48°
40 0.49 50°
60 Ottt 56°

The fact that S and o{ increase indicates that the amplitude of spin label
motion increases with temperature and the motion itself becomes more inde-
Bendent from that of the macromolecular segment.

he physical structure and reorientation dynamics of segments are, besides,
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sengitive to the solvent quality. For example, wabter is a bad solvent for
PVC and the macromoleculsr coil is more densely packed in water. This means
that the spin label motion is more restricted and the parameter 8§ increases.
In good solvents (ethanol, butanol) the monomer units in macromolecular coil
are less close-packed and, therefore, the spin label has a greater freedom
of motion and S decreases (Table 3).

TABLE 3. Parameter S and characteristic time T in PVC (25°C)

Solvent s T, ns
Water 0.87 5
Ethanol 0.81 8
Butamol 0.81 17

In a similar manner we have investigated the macromolecule behavior near
the point of phase separation and have shown that macromolecular coils
tend to contract close by that temperature.

THE ESR OF SPIN LABELLED MACROMOLECULES: LOCAL DENSITY OF
MONOMER UNITS, TRANSLATIONAL DIFFUSION OF SEGMENTS AND
INTERACTIONS OF MACROMOLECULES

The information about these characteristics is derived from line broaden-
ing in the ESR spectra of spin labels induced by dipolar and exchange inter-
actions of unpaired electrons, Dipolar interactions are efficient in sys-
tems with low molecular mobility and yield information about the local con-
centration and static distribution of paramagnetic particles. Exchange in-
teractions modulated by collisions (or, better to say, encounters) of the
radicals - spin labels or probes - allow to measure intramolecular trans-
lational diffusion coefficients.

Both these contributions to the line broadening are proportional to the
paramagnetic particle concentration and the problem is only to separate
them and measure individually. As regards nitroxyl radicals we have suc-
ceeded in solving this problem experimentally having measured the ESR line
broadening as a function of the translational diffusion coefficient (Fige5) e

, SH/C
0" " G-cm®
-19]
10
theory
,520 R L . . e
R A A R A
D, sz/s

Fige 5. Effect of diffusion coefficient on reduced ESR line
broadening JH/C. Dotted line indicates the thearetical limit
of dipolar contribution,

In systems with highly mobile molecules (D > 5210~ cm?/s) the reduced
broadening JdH/C is a linear function of diffusion coefficient. In this
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region the main contribution to the broadening effect comes from exchange
interactionss

SE = 203772 { M, C (5

where 3H is the line broadening, ¥ is electron gyromagnetic ratio;
C is radical concentration, kex is spin exchange rate constant given by

koy = Pk, = 167 prD (6)

where p is probability of spin relaxation at the radical encounter, D is
diffusion coefficient,

The theqretical curve in Fig., 5 coincides with the experimental one for

r = 1 A, From exchange broadenin§ data it is possible using Fgs (5) and
?6) to determine the translational diffusion coef ici%nt D,

In systems with low molecular mobility (D £ 110~/ cm</s) the reduced line
broadening does not depend on the diffusion coefficients and is totally
controlled by the dipole interactions. For a statistic distribution of spin
labels or probes,

$H/C = (3.6 % 0.5) x 107 Gauss/cn’ (7)

and all deviations from this value are due to nonrandom distribution. What
tgfy show is how much the local spin concentrations differ from the mean
valiues.

The local concentration of spin labels in a macromolecular coil corresponds
to their concentration within a small elenent of volume near a given spi
label (Fig. 6). The radius R of this local spherical domain is about 30 ﬁ
and is also the distance over which the dipolar contribution to the line
broadening of the central label from the spin labels located inside of

Fig. 6. Schematic representation of a sphere with local spin
label concentration (labels are shown as crosses).,

sphere is comparable with the total linewidth, i.e. is about 1 Gauss. The
volume of this domain is normally much smaller than that of a macromolecule,
The method of separation of the dipolar and exchange contributions to the
line Wroadening has been used to investigate the physical structure and
molecular dynamics of polyvinyl pyridine (PVP).
The local densities of spin labels were measured in gpin-labelled PVP in
which the molar percsntage of the spin labels B = w/(m+n) was varied in

the range from 1¢10~¢ to 20¢10=<, Local concentration of monomer unit

Ploc is easily calculated from the spin label concentration Cloc by the

formulas

Cloc = P floc
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(provided, of course, the spin labels are distributed on the macromolecule
in a random, statistical manner),
The averaged monomer unit density in a macromolecular coil is given by the

formula:
(pr= WV = o.42 [h] uepr

where N is the number of monomer units in the macromolecule, [Ll] is charac-

teristic viscosity, ' = 3.1¢1024,
The averaged and local densities of monomer units in PVP are compared in

Table 4,

TABLE 4, Averaged and local monomer unit densities in PVP
(ethanol, 209, p= 0.20, 1% solution)

Me10®  (PY M Proca M Ppcs M(-196°)

25 0,05 0.30 0,40
5 0,20 0.28 0.36

These results prompt some conclusions,

First, the local concentrations of monomer units are only slightly depend-
ent upon the molecular mass of the polymer,

Second, in large macromolecules the local densities of monomer units may be
5 to 6 times greater than the average values (in accordance with the Gaus~
sian model of a polymer coil).

Third, local concentrations are almost independent of temperature, that is,
both the monomer units distribution in a coil and coil size are little af-
fected by temperature. Only at very low temperature, in frozen solutions,do
these variations become substantial,

At higher (above 200) temperatures in dilute solutions the main contribution
to ESR line broadening is provided by the intramolecular exchange inter-
actions which can be used to determine the spin label encounter rate con-
stants and local intramolecular segment diffusion coefficients, The diffu-
sion coefficients of segments and spin probes are compared in Fig, 7.

DlOCo
cmz/s
165 L °
i 2
-6 4
510
10 25-10*
28 34
3
1/T0,K

Fig.7, Temperature effect on local diffusion coefficient:
1 - spin label, 2 - spin probe.

Segments diffuse at a rate at least an order of magnitude slower than spin
probes, Segment diffusion coefficients are practically independent from the
mass of macromolecule, The activation energy of segment diffusion (8.4
kcal/mole) exceeds considerably the activation energy of probe diffusion
(343 kcal/mole).

Another important problem is behavior of polyumer coils when they interact in
concentrated solutions., It is important to know what is the interpenetrabi-
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lity of coils, how the monomer unit densities vary in both the host and
guest macromolecules, how the molecular dynamics vary in combined macro-
molecular coil.

To answer these questions we have investigated the dipolar and exchange
broadening of the ESR lines in concentrated solutions of spin labelled
macromolecules and concentrated solutions of unlabelled macromolecules in
the presence of a minor quantity of labelled macromolecules (Ref. 5). In the
first case the broadening effect is due both to the intra- and intermolecu-
lar interaction of spin labels. In the second case it is only the intra-
molecular interaction which induces the line broadening. Separating the di-
polar and exchange contributions to the intra- and intermolecular broaden-
ing one can determine the local densities of monomer units in the host and
quest macromolecules. The results are shown in Fig. 8. :

10 'Ploc*M
08 2
06+
04T R R 1
02+

o 4 8 2 4 ®

Polymer concentration, wt%

Fig. 8. Local concentrations of the monomer units of host
macromolecule (1) and guest macromolecules (2) in macro=-
molecular coil as function of total macromolecule concentra-
tion in solution (PVP, 20°, ethanol).

Ag in an isolated macromolecule, the local density of monomer units in a
host molecule is normally 5 to 6 times greater than the mean density in a
coil. When the polymer concentration in solution is increased the local mo-
nomer unit density of the host macromolecule remains almost unchanged, which
meens that the size and density of a macromolecular coil are almost insen-
gitive to the presence of any other macromolecule. The local monomer unit
density of the guest macromolecules increases monotonously with polymer
concentration in solution. When the concentration is about 10 wt.% the local
monomer unit densitlies of §uest macromolecules and host macromolecules are
comparable, i.e., at this Zoncentration the macromolecular coils interpene-
trate and substantially overlap each other. At higher concentrations the
local density of monomer units of guest molecules exceeds that of the host
molecule. In other words, the entire volume of the host macromolecule is
filled with the monomer units of the guest macromolecules.

If one knows the exchange contribution to the ESR line broadening and loecal
spin label concentrations it is easy to find the coefficients of segment
translational diffusion in polymer coils as well as local diffusion activa-
tion energy. Their relationships with polymer concentration are presented
in Table 5 and Fige 9.

TABLE 5. Activation energies Ep and preexponential factors Do
for the local translational diffusion coefficients

zg%gfe:t?;noentra Ep, keal/mole Dy» on®/8
1.0 8.7 0¢5
5¢5 8.0 0e3
113 8.6 0e5
25.6 8.2 Q.8
32.5 9 0.8

PAACS54:2 R
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Local diffusion coefficients of segments decrease in proportion with an
increase of the local monomer unit density in macromolecular coil. So long
as the local density is constant the diffusion coefficient is constant too
(Fige 9)e At a concentration between 10 and 15 wt.% when the macromolecular
coils overlap the total local density of monomer units in a polymer coil
increases and the local diffusion coefficient decreases. The decrease of

0 20 40
Polymer concentration, wt?

Fig, 9. Local translational diffusion coefficients of segments
(1) and kinetic chain termination rate constants (2) as func-
tions of macromolecule concentration in solution:

1 - PVP, 209, ethanolj 2 - polymethylmethacrylate in methyle
methacrylate, 22,5°C,

the local diffusion (or microdiffusion) coefficient of segments occurs si-
mul taneously with the decrease of chain termination rate constant in the
radical polymerization process (Fig. 9). This analogy suggests that macro-
radical recombination is controlled by the local segment diffusion in over-
lapping macromolecular coils., The rate of polymer coil entanglement (or dis—
entanglement) is also controlled by the local segment mobility in a coil.

NMR OF SPIN LABELLED MACROMOLECULES

High resolution MMR spectroscopy of spin labelled macromolecules can also
be a good means of investigating the macromolecular structure, dynamics and
interactions. Spin labels and probes induce the paramsgnetic line broaden~
ing in NMR spectra of macromolecules the main reason for which is the dipo-
lar interaction between unpaired electron and protons (or some other nuclei)
modulated by translational diffusion of macromolecular segments.

A theory of paramagnetic line broadening in NMR spectra in a liquid where
paramagnetic particles are present was advanced by Hubbard (Ref. 6). We have
laid his theory at the basis of our new method of investigation of spin la-
beled macromolecules (Ref. 7).

Protons of a macromolecule may interact either with the spin labels of the
same macromolecule (host) or with those of other (guest) macromolecules.
Therefore the observed paramagnetic line broadening is caused by two fac-
tors: intermolecular due to the interaction between protons and labels of
other molecules, and intramolecular induced by the host molecule labels.
Collisions between protons and the nearest spin labels occurs much oftener
than with remote ones, and therefore, the line broadening in the NMR spect-
ra of protons is controlled by the local spin label concentration, that is,
label concentration in the vicinity of a given proton within a volume ele~
ment with a radius r < 30 & (Fig. 10). This volume may be much smaller than
the volume of macromolecule itself and the local spin label concentration
(and, consequently, local density of monomer units) my differ widely from
the average label concentration within a polymer coil volume.
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Fig., 10, Schematic representation of a sphere containing the
spin labels (shown as crosses) that induce dipolar line broaden.
ing in NMR spectra of proton (in the center of the sphere),

The intramoleculer contribution into the line broadening is dictated by the
local concemtration of spin labels of the host macromolecule, whereas the
intermolecular contribution is determined by that of the guest macromolecu-
les. The relative importance of these two contributions depends on the ex~
tent to which a given volume element of macromolecular coil is filled with
the monomer units of host or guest macromolecules., The contributions to line-
widths are given by the following formulaes 2 w2 ZN
3.67Y; Zfsh host

(/2,) =27 av = (8)
2’ intra intra 504 *¥2(D + Dp)
2 242
6T ¥1 Us gt Nguest

(1/1,) 5 =29TA\) =3' —ﬂ<
Here, N is intramolecular local concentration of labels in the host
macromoilgé&le; Nguest is local concentration of labels belonging to the
guest macromolecules; and D are translational diffusion coefficients of

labels and segments, reSpectively, and may be assumed to be equal since the
labels are attached to macromolecular segments; 4 is the limiti approach
distance between a proton and spin label (d = 3.6 k, Ref. 8); a4V is expe-
rimentally measured paramagnetic line broadening expressed in Hz. The factor
0 € o < 1 accounts for the fact that the access to monomer units of host
macromolecule for the labels of guest macromolecules may be harder than for
its intrinsic labels and therefore the line broadening can be less efficients
The spin probe induced line broadening is defined by a similar equation:

2 2 2.
504 ¢ Y2( Dpr obet D) (10)

where Dprobe is translational diffusion coefficient; for small radicals it
may be assumed that D &L Dprobe, i.e,,that the translational mobility of a
spin probe is much higher™ than that of a spin label.

Now one can rewrite Eqs (8)=(10) in the following fom:

2.2 42
3.6m XI Xs h Nguest”(
(/1) 4 nter Soan,

(1/T2)probe =27 A\)probe =

1)

36T )7 Vo B, .
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2 2
48T Yy s hZNprobe
D

robe

and, therefore, one can now measure both the local density of monomer units
and local diffusion coefficients of segments in micromolecular coil.

The method will now be illustrated for spin-labelled poly-4~vinyl-pyridine
which had initially been studied by the ESR technique (see the previous sec-
tion of this paper).

The problem therefore is to separate the intramolecular and intermolecular
contributions to the paramagnetic line broadening, It can be solved by mea-
suring the paramagnetic NMR line broadening of labelled macromolecules as
well as of various mixtures of labelled and unlabelled macromolecules. For
example, in a weakly labelled polymer (1:10) the paramagnetic line broaden—
ing of the A -protons of the pyridine ring is AVintra + AV inter (10%
solution in CDBOD, Fig. 11). In a 10% solution of a mixbture of strongly la-

Fig. 11. NMR spectra of & -protons of pyridine ring in PVP (1),
spin-labelled PVP (2) and a mixture of labelled and unlabelled
PVP in the 1:3 ratio (3); 60 MHz, 20°, deuterated methanol.

belled (135) and unlabelled polymers presented in the 1:3 ratio, the total
spin label concentration is one half of that in the previous case, whereas
the label concentration in a spin labelled macromolecule is twice as high,
In a mixture of labelled and unlabelled macromolecules the line broadening
neasured for the protons of an unlabelled macromolecule is equal. to (1/2)a) e
and for those of a labelled macromolecule it is 2 4V intra *+ 12)AVinter. n
In NMR spectrum of a mixture of macromolecules the sJign of the L -protons
of the pyridine ring 1s in fact a superposition of the signals from a label-
led and unlabelled macromolecules (Fig. 11, Spectrum 3). The first signal
amounts to 1/4 of the total intensity and is strongly broadened, therefore
its contribution to the linewidth may be ignored and the intermolecular line
broadening for unlabelled macromolecules can be stra%ghtly found., After that
it is possible to calculate the two contributions, 4Y inter and AVintra,
separately,

It is very simple to measure the paramagnetic NMR line broadening of unla-
belled macromolecules in the presence of a known concentration of spin pro-
bes, AVprobe. Having then measured all contributions to the line broadening
individually it is possible to find ratios between thems

Al intra Nyost Dorobe
= 0,37 2280 (——BER2E) ¢ 14
AY probe 375 (Nprobe)( Dy, (%)
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Vinter _ 0.375 ( <Buest y Torobey ¢ (15)
) probe Nyrobe Dy,

whence local spin label concentrations may be easily determined (provided
the ratio of local diffusion coefficients is known) or, conversely, knowing
local label concentration it is easy to determine the local diffusion coef=-
ficients, However, the first way is preferrable since the ratios of spin
label and probe d.{ffusion coefficients can be readily found from the ESR
spectra of spin labelled macromolecules and spin probes under identical con-
ditions. It is easy then, once the local spin label concentrations have been
calculated, to convert them into local concentrations of monomer units in a
macromolecular coil.

Pertinent data are given in Table 6.

TABLE 6, Locel monomer unit densities of hogt
and guest macromolecules (PVP, methanol, 209C)

Polyuer concentra-— fhost, M fguest, u

tion, wto%
2 0.24 0
10 0.26 0.35
20 0.27 0,60
30 - 1.0

The local densities of monomer units are seen to be the same as those measur
ed by a different and independent method - from the dipolar line broadening
of ESR spectra (cf, the preceding section). The local monomer unit densities
in a host macromolecule are 5 to 6 times as high as the averaged densities

" and are almost independent from the concentration of macromolecules in so=-
lution, that is, a macromolecular coil is insensitive to the presence of
foreign macromolecules in solution. The local density of monomer units of
guest macromolecules increases monotonously with the total concentration of
macromolecules indicating that there is interpenetration of coils. The local
concentrations listed in Table 6 have been calculated under the assumption
that = 1 and the fact that they are in a good agreement with the results
of ESR measurements indicates that the coils can penetrate through each
other without hindrance and that the macromolecule protons sre almost equal~
1y accessible for the spin labels of both the host and guest macromolecules,
i.e. is close to unity,

Knowing the local concentration of spin labels and spin probe diffusion coef-
ficient (calculated from the measured exchange broadening of the ESR lines)
it is not difficult to de‘yermine the local diffu,7i0n coefficient of segments
DL, At 209C it is 4.4¢10~7, 4,110~/ and 3.4+10" em?/s in solutions con-
taining 10, 20 and 30% polymer by weight, respectively (which is in good
agreement with the diffusion coefficients measured by the ESR technique).
The activation energy of the local translational diffusion of macromoleculear
segments in methanol solution is 6.4 kcal/mole.

The new method described herein which is based on an analysis of the NMR
linewidths of spin-labelled macromolecules has some advantages over the ESR
technique discussed in the first section of this paper. In the ESR method
the local densities of spin labels (in other words, local densities of mono-
mer units) in a macromolecular coil are found from the dipolar line broaden-
ing under conditions of limited molecular mobility so that the dipolar in-
teraction of unpaired electrons is not averaged by the molecular motion. On
the contrary, local diffusion coefficients are determined from the exchange
line broadening under condition that the molecular mobility is high and the
dipolar interaction is aversged.

These limitations do not exist in the NMR method: both the local monomer
unit concentrations in a coil and local diffusion coefficients in macro-
molecule may be measured under the same conditions. However, this method

is not independent. To measure local monomer unit concentration or local
diffusion coefficient information about one of these must be at hand. In
this sense the two methods are essentially complementary.

CONCLUSION
The methods of studying macromoleculer structure and dynamics we have dis-
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cussed in this paper require labelling of the mAcromolecules with spin
labels., But the chemistry of nitroxyl radicals is now at such an advanced
stage of development that, in principle, it is no trouble to implant a spin
label into any macromolecule or functional group. What is really a problem
is that labelling may modify the macromolecule (especially when the number
of spin labels per molecule is large). However, in most cases it is not
necessary to introduce too many labels into a macromolecule to enable macro-
molecular dynamics studies., In any case the combination of the ESR and NMR
techniques allows to establish the general features of the structural and
dynamic behavior of polymer coils under different conditions.
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