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Chain segment motions observed on a n.m.r, time scale are perceived as non-isotropic ones because of 
slow isotropic relaxation of chain constraints such as entanglements. This property, observed on 
protons bound to polyisobutylene chains, is applied to the investigation on a molecular scale of the 
crossover from the dilute to the semi-dilute regime. It is shown that coil overlap of polyisobutylene 
chains in CS 2 is perceived from n.m.r, at a monomer unit concentration Cv about eight times greater 
than the ideal concentration C* defined from measured radii of gyration. By considering different 
chain lengths and different solvents, it is shown that the coil overlap concentration C v corresponds to 
a virtual partition of the chain into about 15 blobs. 

INTRODUCTION 

The purpose of the present paper is twofold. First, we report 
n.m.r, properties, observed on protons bound to polyiso- 
butylene chains in solution, to investigate the cross-over 
transition from the dilute to the semi-dilute regime. It will 
be shown below that coil overlap can be observed only when 
chain segment motions are perceived as non-isotropic ones 
from n.m.r. This corresponds to relatively high chain 
concentrations. 

The present paper aims at gathering already reported 
and new results to elaborate a simple and general description 
of n.m.r, properties of polyisobutylene chains in solution. 
The qualitative level of discussion is sufficient to picture 
motions in polymer-solvent systems as they are observed 
from n.m.r. On the other hand, the present paper develops 
an attempt to apply n.m.r, properties to the study of a 
practical problem: the evaluation of chain dimensions in 
dilute solution. 

Chain dimensions 

It is well known that a flexible polymer chain in solution 
form a coil which is not a rigid sphere and which can be 
characterized by several types of mean dimensions 1. The 
radius of gyration, ((R O)2~1/2, obtained from elastic scatter- 
hag radiation measurements (light, neutron, X-rays) and de- 
fined as the root of the mean-square distance of a chain ele- 
ment from the centre of mass is currently used to evaluate a 
coil size: ((R 0)2) ~ N2V (N, the number of chain elements); 
the critical exponent v is equal to 0.5882. The mean square 
end-to-end distance, ((R~.)2), also gives a coil dimension 
evaluation: ( (R~)  2) = e ((ROG) 2 )(e = 6 or 7 for a theta or a 
good solvent, respectively). Chain dimensions determined 
from ((R 0)2) correspond to an average over all instanta- 
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neous configurations of all chains in solutions. This static 
average does not involve any time dependence of 
fluctuations. 

The hydrodynamic radius, RH, obtained from the self- 
diffusion coefficient of the coil, determines its ability to 
move in a solvent. The equivalent hydrodynamic sphere 
fluctuates in position as if it were being driven by a stochas- 
tic force f ( t )  such that the average ( f ( t l ) f ( t2 ) )  is equal to 
8(t 2 - t l )  67rT?okTR n (r/0, the solvent viscosity). The dyna- 
mic dimension, R H, can be expressed from (R O)2)1/2; 
clearly, this expression strongly depends upon the model 
used to describe frictional properties of a chain in solution. 
Very recently, Des Cloizeaux demonstrated the inequality 
R H > B ((R 0)2)1/2 (B = 0.265 for a theta solvent, Large 
N) 3. 

The definition of coil dimensions directly governs the 
determination of the overlap concentration of chains C*. 
This is a practical problem which may be encountered in 
bio-polymer physics, too. The overlap concentration is also 
related to the cross-over line C* (T) from the dilute to the 
semi-dilute regime 4 . The cross-over concept results from 
the most recent descriptions of polymer chains in solutions. 
The configurational partition function of these systems and 
the correlation function of a magnetic system made of spins 
with nearest neighbour interaction have been shown to be 
related through a Laplace transform s. This analogy has been 
widely developed by Des Cloizeaux 6, Daoud and Jannink 4. 
It gives an elegant description of scaling properties induced 
by concentration or chain length variations. This description 
is based on a virtual partition of the chain into blobs 7. It 
is now well established from neutron scattering experiments 
that the pair correlation function of monomer units i and j 
exhibits a gaussian character when. I] - il = n < n c with n c 
= r -2 and r = ( T -  0)0 -1 (0, the theta temperature of the 



polymer-solvent system) 7. A correlation length ~ may be 
defined from nc: ~2 = ncl2, with l, the length of flexibility. 
The pair correlation function exhibits an excluded volume 
character when i andj are such that Ij - il > n c ; then, the 
radius of gyration of the whole chain is written as: 

((R 0)2) = (N/nc)2V~2/7 = N2Ul2r2q/V (1) 

q = 2v - 1 ; ~ may be considered as defining a space volume 
(_~ ~3) or a blob within which chain segments behave 
specifically. 

Concentration effects 
The blob picture is also involved in the description of 

semi-dilute chain solution properties. However, excluded 
volume effects are now observed between i and / monomer 
unit pairs when I / -  il < ne; the correlation length and n c 
are connected with each other by the relation: 

~2 = n2Vl2r2q 

they both depend upon the concentration, C, from the defi- 
nition: 

C = 3ne(7)3/2/(47r~3); 

only depends on chain concentration;it is independent of 
chain length. A gaussian character is observed on the mean 
square end-to-end distance of the whole chainT: 

<(Re. [C1)2> = ( N/nc)~ 2 /X 

o r  

<(R G [C])2> = [3(7)3/2/4n1 -# 

with 

N(7-q l)( 1 - 2 u)-I ~C~/x 

X - 1 = 6  - 1 + [ ( 2 v +  1) - 1 - 2  -1 I x  2+(3  - 1 - ( 2 u + 2 )  -1 ]x  3 

and 

x = nc/N;[J =(1 - 2u)(3v - 1) - 1  

As was emphasized in reference 7 a given chain must 
not be considered as a succession of blobs; these do not 
represent any space volume of infinite life times like beads; 
they only define a virtual partition of the chain. The blob 
concept has also been used as a convenient tool to describe 
collective motions of chain segments 8. The ideal cross-over 
line is defined at the concentration C*(T) such that 
( [RG(C,)]  2) = ((R O)2> i.e. 

C*(T) = (3N/47r) ((R 0)2)-3/2 (2) 

However, even from a theoretical point of view the 
cross-over cannot be described as a sharp transition induced 
by concentration variations. It must be rather considered 
as a smooth evolution of thermodynamic variables 9. This 
property is well illustrated by neutron scattering experi- 
ments performed on polystyrene chains 1°. The radius of 
gyration was found to decrease slowly as a chain concentra- 
tion function from the dilute to the semi-dilute regime. 
From an experimental point of view, polymer coils cannot 
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be considered as rigid spheres of radius ((R O)2)1 /2 .  Experi- 
mental techniques used to observe coil overlap will be more 
or less sensitive to the contact observed for a given time 
interval and established between a given fraction of a poly- 
mer chain and elements of other chains. Therefore, the coil 
overlap concentration will depend upon the experimental 
procedure used to determine it. U.v. spectroscopy measure- 
ments have been recently proposed to estimate the C* (7) 
concentration of polyoxyethylene in water, polystyrene in 
chloroform and polyvinylacetate in acetonitrile 11. 

It will be shown below that it is convenient to express 
the ratio o = ( [RG(C)] 2)/(R O)2) as a function of the ideal 
cross-over concentration C* (7) 

o : 7(C*/C)1/4/X : 7 [3(7)312/4n1 #N 1 - 2vr3# C~/X 

also, whatever the virtual partition of a chain it may be of 
interest to know the number Pb of blobs necessary to ac- 
count for the value of its radius of gyration: 

Pb = (C/C*) 5/4 = ( X° /7)  -5 

It will be shown that chain segment motions are perceived 
as non-isotropic ones on a given time scale (nuclear magnetic 
relaxation time) when the number of blobs per chain Pb gets 
higher than about 15. 

Transverse magnetic relaxation 

Polyisobutylene solutions have been widely studied from 
n.m.r, measurements performed on protons bound to 
chains12-18, rwo striking features characterize properties 
of the transverse magnetic correlation function observed on 
concentrated chain solutions, from high resolution 
spectroscopy. 
(i) Proton spectra exhibit a strong narrowing effect induced 
by sample rotation about an axis perpendicular to the steady 
magnetic field direction. This effect observed on linewidths 
of about 100 Hz cannot be confused with simple reduction 
of field inhomogeneities. It has been interpreted as resulting 
from constraints exerted on chain segments because of en- 
tanglements. The relaxation time of these constraints is 
called T o . Segment motions are supposed to average ten- 
sorial nuclear spin hamiltonians, ffUT, to zero, only when this 
average is observed on a time scale longer than T~:Yt~T = 0 
~qg~2 4: 0. It is well known that the morional narrowing 
effect occurs when (gtPZ)l/2To ~ 1. Otherwise, the relaxa- 
tion time of the transverse magnetization is determined 
from ( ~,~2)1/2 and segment motions are perceived as non 
isotropic ones from n.m.r. More details about this descrip- 
tion will be given below. 
(ii) rhe inverse of the linewidth, A- I ,  obeys a linear depen- 
dence upon the ratio of molar fractions, 7 = Vl(1 - I )1)  -1 
(v 1 is the solvent molar fraction). 

These two properties have been well established at several 
temperatures using three types of solvents: carbon disulphide) 
toluene (C7D8) and chloroform (CDCI3). They are indepen- 
dent of the presence of nuclear spins on solvent molecules 
and can be considered as reflecting specific physical pro- 
perties of polymer-solvent systems. No narrowing effect can 
be observed on dilute chain solutions or on short chains in 
molten polymers. 
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POLYISOBUTYLENE RADIUS OF GYRATION. 
DISCUSSION 

Polyisobutylene is currently considered as a material free 
from complications arising from chain branching. The simple 
structure of its monomer unit (CH2-C(CH3)2-) eliminates 
problems of tacticity and cis-trans isomerism. Chain dimen- 
sions have been determined in various types of solvents, in- 
cluding theta solvents ~9. Writing the unperturbed dimen- 
sions of a chain as: 

((R O)2)o = N/216 

l 0 is defined as the statistical flexibility length; it can be 
calculated from light scattering measurements performed on 
PIB-benzene solutions at 297 K, for example: l 0 = 5.9 A; 
this value holds over the molecular weight range 4 x 104 to 
3 x l O  6. 

More recently, statistical radii of gyration of sharp frac- 
tions ( M w / M  n -~ 1.1) of PIB, covering a wide range of mole- 
cular weight(from 1.6 x 105 to 4.7 x 106) have been deter- 
mined in isoamyl isovalerate (IAIV) by light-scattering 
measurement2°; IAIV is a theta solvent at 295.1 K; lo is 
found to be equal to 5.6 A. More generally, the molecular 
weight dependence of the radius of gyration has been found 
to be represented by: 

((RO)2)o = 9.5 x 10-22~w (3) 

R O in square angstroms. 
Carbon disulphide is a very convenient solvent to observe 

n.m.r, chain properties because its molecule does not bear any 
nuclear spins (except C 13 nuclei in natural abundance). 
However, to our knowledge, no light scattering measurements 
have been performed on polyisobutylene-carbon disulphide 
systems, until now. Experimental difficulties arise from the 
risk to explode samples by centrifuging them. Therefore, 
chain dimensions must be evaluated indirectly from intrinsic 
viscosity measurements, using the well known empirical 
formula: 

[r/] = KMI /2o t3  

c%, the molecular factor expansion may be calculated know- 
ing K, a constant which should be independent of the sol- 
vent, in first approximation at least. The constant K may be 
evaluated from intrinsic viscosity measurements reported 
about other solvents; from reference 20 K = 11.4 x 10 4 in 
IAIV at 295.1 K (an = 1) while in Reference 1K was found 
to be equal to 10.7 in Benzene at 297 K(a  n = 1). The factor 
expansion a n defined from viscosity measurements is theo- 
retically different from that a s derived from light scattering 
measurements. By definition, the molecular weight depen- 
dence of as at a given temperature must be written as: 

~s ~ M V M - I / 2  =M0.088 

Light scattering measurements reported in reference 20 lead 
actually to a s = 0.43 )~1~085 for PIB solutions in n-heptane 
and a s = 0.51 ~/.~085 in cyclo-hexane at 298 K(1.6 x 105 < 
/hi w < 4.7 x 106). Experimental and theoretical exponents 
are in reasonable agreement with each other. On the other 
hand, the intrinsic viscosity of dilute polymer solutions has 
been very recently predicted to vary as2a: 

[~] ~ M  0"74 

accordingly, a n = ( [r/] / [r/] o) 1/3, should vary as an = M 0"080. 
Therefore as ia  n o: M0.008 at constant temperature; this ratio 
becomes significantly different from one at high M values, 
only (as ian = 1.08 for N =  2 x 104). Considering intrinsic 
viscosity measurements reported in reference 20, it is found 
that: 

a n = 0.47/~O.087 in cyclohexane at 298 K, in agreement 
with results reported in reference 1 (1.60 x 105 < M  w < 4.7 
x 106). However, it must be noticed that n-heptane solu- 
tions exhibit a slightly different molecular weight 
dependence: 

a n = 0.52)~t O.07 

From the above discussion, we shall consider that as "" a n 
to a good approximation and that a s is proportional to 
N 0.088 to compare factor expansions corresponding to dif- 
ferent chain lengths, at a given temperature. 

EXPERIMENTAL SECTION 

Polyisobutylene samples (Vistanex MML 80,/hi v = 9.9 x 105) 
were kindly furnished by Dr T. Kantor of BASF Company 
(France). They were fractionated in the Laboratoire de 
Chimie des Polymdres (I. N. P. Grenoble). Two samples of 
average molecular weight ~t v = 9.9 x 105 and 2.2 x 105 were 
selected. The carbon disulphide, from Merck, was over 
99.9% pure (reference Uvasol 2210). Spin-lattice relaxation 
times were obtained by plotting, the free induction decay 
magnitude following a 7r,Tr/2 pulse sequence; T 1 was cal- 
culated from a least square fit method. Spin-spin relaxation 
times were measured from the spin-echo method 0r/2, +r pulse 
sequence). The free induction decay magnitude was 
measured at the output of a Boxar integrator to improve the 
signal to noise ratio. The relative uncertainty about relaxa- 
tion times was estimated to be +4%. 

VOLUME - CONCENTRATION DEPENDENCE OF 
SOLUTIONS. DISCUSSION 

The convenient thermodynamic variable used to describe 
n.m.r, properties observed on chain solutions is the ratio of 
molar fractions 3' = Vl(1 - Vl) -1. However, to determine 
chain dimensions, solution volume must be known as a 3' 
function. Fortunately, n.m.r, experiments are performed on 
calibrated sample tubes. The height of solution correspond- 
ing to a standard weight (one gram) of polymer is easily 
measured for any 3' value. Considering the PIB-CS2 system, 
the volume variation V has been shown with great accuracy 
to be a linear function of 3' over a wide range of concentra- 
tions ~s (0 < 7 < 40); for one gram of polymer: 

V = aa + bo3" 

o = rid2/4, d the diameter of calibrated sample tubes; a and 
b are experimentally determined. The specific volume of 
solution may be written as: 

Vp is the weight fraction of monomer unit: Vp = (1 + 
"rMs/Mp) - 1  ( M  s and Alp are molecular weights of the solvent 
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Figure I Spin-spin relaxation time variations as a 3" function at 
room temperature (293 K). O, 10 MHz; A, 32 MHz; " ,  61 MHz 
(Chain molecular weight M v = 9.9 X 105) 

and the monomer unit, respectively): 

~r = aOl,p + bovsmt , /m s 

v s = 1 Vp. The partial specific volume of  solvent is co s = 
bcrMp/Ms; that of  a monomer unit is cop = ao; 3  ̀= vsMp/ 
vpM s and a/b = copMp/cosM s. To the ratio of  molar frac- 
tions 3', corresponds the concentration C, of monomer units 
by unit volume: 

C = Avp(MpTr) -1 = A(Mscos)- l (7 + a/b) -1 

and 

C' = MpC/A (weight per unit volume). 

A is the Avogadro number; the concentration, C, only de- 
pends upon the ratio a/b ~- 1.01 at room temperature; this 
a/b value is in agreement with that calculated from specific 
volumes of  pure polymer and solvent. Therefore, it is not 
necessary to know absolute values of  the constants ao and 
bo; their ratio is determined from a very simple experimen- 
tal procedure. Variations ofa /b  were found to be negligible 
between 220 and 300 K. At any given 3  ̀value, the volume 
of solution per chain is: 

v = M(Mp C ) -  1 = A -  1M(Mp/Ms)(3 , + a/b)co s 

To the radius of gyration ((R O)2)1/2 corresponds an ideal 
cross-over concentration calculated from equation (2): 

o r  

c *  = A [Mscos(3'* + a/b)] -1  

3'* = - a / b  + 2.52Mp ([RO)2) 3/2 (MMscos)  -1  (4) 

[((RO)) 1/2, in angstr6ms]. 
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Considering only unperturbed dimensions of  PIB chains 
and using formula (3), a cross-over value 7u can be defined 
in CS2 as a molecular weight function as: 

7u = -a /b  + 6.85 × 10-2(M) 1/2 

For PIB chains 7u = 67 and C u = 13.6 mg/cm 3. The 
molecular factor expansion % must be taken into account 
to calculate the ideal cross-over value: 3'* ~- 3 *. * as 7u, 3'u values 
obtained from the above formula only apply to very sharp 
polyisobutylene fractions in CS 2. This formula rapidly gives 
a useful rough estimate of ideal overlap concentrations in 
this solvent. 

N.M.R. PROPERTIES OF PIB-CS 2 SOLUTIONS 

Variations of  the spin-spin relaxation time, T2 observed at 
room temperature are represented as a 7 function, in Figure 
1 ; they correspond to a chain molecular weight Mv = 9.9 x 
105 . Three concentration ranges are clearly perceived. At 
solvent concentrations lower than 7 = 7, the relaxation time, 
T2, exhibits a linear dependence upon 3 .̀ At solvent concen- 
trations higher than 7 TM 20, variations of  T 2 observed until 
7 = 49 are negligible within experimental uncertainty; it will 
be considered that there is a plateau. A transition zone 
occurs between 7 -~ 7 and 3' - 15. This typical dependence 
of  T2 upon 3' is observed at 10, 32 and 61 MHz (Figure 1) 
and at temperatures lower than 300 K (Figure 2). It was 
also observed from the inverse of the linewidth measured 
from high resolution n.m.r, spectroscopy, without sample 
rotation 1 s. However, this technique was not found to be 
accurate enough because it is very sensitive to field 
inhomogeneities in the transition zone, in the absence of 
sample rotation (T 2 ~ 170 msec, i.e. the linewidth is less 

140 

I0© 

PC 

60 

2C 

A 

A A 

A 

A D [] 

[] 
• 0 

Figure 2 Spin-spin relaxation time variations as a 3' function at 
several temperatures, l ,  253 K; I-1,263 K; II, 273 K; G, 283 K; &, 
293 K 
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Spin-spin relaxation t ime variations as a 3' funct ion re- 

15 

ported f rom reference 13. Polyisobutylene chains are in CCI4 solu- 
t ions at 298 K (ll) and C6D6 solution at 303 K (&) (M v = 1.13 X 
106 ) 

than one hertz); it is the reason why spin-spin relaxation times 
are reported in the present paper. The typical behaviour of 
T 2 can also be illustrated from measurements reported by 
Sliehter and Davis'3; they studied PIB chains in solution in 
CC14 or in C6D 6 0~v = 11.3 x 105). These measurements 
are plotted in Figure 3 after reference 13. 

It may be noticed from Figure 2 that the transition zone 
is shifted towards low 1, values (more concentrated chain 
solutions) when the temperature is lowered or when the chain 
length is decreased (Figure 4). This feature will be shown 
below to be qualitatively associated with the decrease of 
chain dimensions 

([RG(C)] 2) o: Nrl/4, induced by lowering N or T. 
The concentration ranges defined above will now be 

characterized with more details. 

The plateau zone: high frequency isotropic motions 
The plateau zone can be characterized by the general 

features following. 
(i) The spin-lattice relaxation time, TL( 170 msec) ob- 

served on high molecular weight chains (M v = 9.9 x 105) 
is slightly longer than the relaxation time T 2 (150 msec), 
Figure 5a. 

(ii) T~ 1 relaxation rates observed at 10, 32 and 61 MHz 
are equal to each other at room temperature, Figure 1; T~ 1 
rates measured at 10 and 32 MHz are also equal to each 
other, within the plateau zone, (Figure 5, a, c). 

(iii) Relaxation rates observed on polymer chains of 
lower molecular weight (2.2 x 105) are not very sensitive to 
chain length variations, at room temperature (Figure 5a, c). 
Slichter and Davis have also reported that T 2 approaches a 
limit upon dilution in a given solvent (CC14) and that this 
limit is independent of molecular weight ()i/v > 7 x 103). 

(iv) No spectrum narrowing effect can be perceived. 
The above features indicate that relaxation rates Ti  -1 

and T~ 1 (T]- 1 < T~- 1) must both depend upon a single 
dominant relaxation mechanism described within the ex- 
treme narrowing approximation (they are Larmor frequency 
independent). This mechanism must reflect isotropic motions 
at frequencies higher than the Larmor frequency (-~ 108 rad. 
sec-1). Several attempts to describe relaxation processes 
observed on dilute chain solutions have been proposed 22'23. 
They were based on the description of local monomer unit 
motions (semi rotations) and strongly depend upon the con- 
sidered model. It is not the purpose of the present paper to 
improve such descriptions; it must only be noticed that 
when the temperature is decreased the plateau is lowered; 
in the small temperature range (50 K) which was considered 
the spin-spin relaxation time was found to vary according 
to a Arrhenius law; the activation energy is E a ~- (6.8 -+ 0.5) 
kcal.mole -1 (Figure 6). Such an activation energy may 
characterize local monomer unit motions 22 

On the other hand, it must be noticed that chain mole- 
cular w e i g h t s ~  = 11.3 x 105, 9.9 x 105 and 2.2 x 105 
correspond to 7~ = 72, 67 and 36, respectively. Clearly, 
the plateau zone describes semi-dilute solution properties. 
Therefore, in this concentration range, chain overlap does 
not hinder monomer unit motions strongly enough to in- 
duce non-isotropic diffusion. Concentrations higher than 7 
= 49 (7 = 10 in reference 13) have not been yet studied for 
reasons of n.m.r, sensitivity. 

The linear zone 
In the linear zone spin-spin and spin-lattice relaxation 

rates take values very different from each other (Figures 3, 
4 and 5 a, b, e). Several striking features must be noticed 
to characterize this concentration range. 
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Figure 4 Spin-spin relaxation t ime variations as a 3' funct ion at 
room temperature (297 K) at 32 MHz (M v = 2.2 × 105) 
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Figure 5 (a) Spin-latt ice and spin--spin relaxation rates as a 3' 
function observed at room temperature (293 K) at 32 MHz (M v = 
9.9 X 105). T [  1 (O) and T[  l(&) (b) Spin-latt ice and spin-spin 
relaxation rates as a 3' function observed at room temperature at 
10 MHz (M v = 9.9 X 105). T [  l(e) and T~ 1 (A) (c) Spin-latt ice 
and spin-spin relaxation rates as a 3" function observed at room 
temperature at 32 MHz (My= 2.2 X 10s). T~ 1 (e) and T[  1 (A) 

High frequency non-is•tropic motion. 
(i) Spin-lattice relaxation rates observed on high molecular 
weight polyisobutylene chains (~t v ~- 106) in C6D 6 and CC14 
at 50 MHz 13 and in CS 2 and CDC13 at 32 MHz 17 are not 
very sensitive to the nature of solvent at room temperature. 
On the other hand they strongly depend upon the Larmor 
frequency. 
(ii) Relaxation rates, Ti-1, measured on chains of  two dif- 
ferent molecular weights in solution in CDC13 or CS 2 are 
not sensitive to chain length 17 (Figure 5c). 
(iii) Spin-lattice relaxation rates are found to exhibit a 
maximum value at a concentration 1' depending upon the 
Larmor frequency, COO: 7 = 0.33 and 0.2 at 32 and 10 MHz 
respectively. 

These three characteristic properties lead us to assume 
that the spin-lattice relaxation process still reflects high fre- 
quency motions similar to those characterizing the plateau 
zone. Spectral densities describing these motions have been 
recently studied, using different concentrations, temperatures 
and Larmor frequencies. Within a reasonable accuracy they 
have been shown to be homogeneous functions of the 
Larmor frequency and a single correlation time of motion, 
characterized by a shift factor which depends upon poly- 
mer concentration. 

For the purpose of the present paper we need only note that 
high frequency motions (~- 107 Hz) undoubtedly occur in 
concentrated solutions. This result must now be associated 
with the very contrasted properties of the spin-spin relaxa- 
tion rates. 
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Low frequency is•tropic motions. 
(i) Spin-spin relaxation rates are sensitive to the nature 

of solvent. For example, the linewidths observed at room 
temperature, on PIB-CS2, PIB-CDCI3 and PIB-CTD8 systems 
are 18, 14 and 10 Hz, respectively. The same inequalities 
between linewidths hold at any temperature and 
concentration~S. 

(ii) Relaxation rates are very sensitive to chain length 
( Figl~re 1, 4). 

(iii) A strong spectrum narrowing effect is observed on 
resonance lines is. 

The last above property clearly indicates that although 
monomer units undergo motions fast enough to induce a 
motional narrowing effect, tensorial energies, ~(¢~T, of the 
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Figure 6 Arrhenius plot of the spin--spin relaxation time as a tem- 
perature function at 32 MHz. (O) ,7 = 5 .35;  (+) = 11.4  (M v = 9.9 X 
10 s ) 
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nuclear spin system are not averaged to zero during n.m.r. 
observations: 19/'aT I~_ 105 rad. sec -1 as in any solid, How- 
ever, the order of magnitude of observed linewidths (~_ 50 Hz) 
shows that there is at least a partial average o f ~  T : ( ~ T ) I  4= 0. 
Therefore a two-step motional narrowing process is supposed 
to occur. In the first step high frequency motions such that 
rotations of CH 3 -  groups about their own axis, semi-rotations 
of  CH 2-groups induce a spin-lattice relaxation rate which 
can be generally expressed as: 

(Ti-1)l = ( ( ~ T  -- ( ~ ) l ) 2 ) l g l ( c o 0 )  

gl(co0) is a function of spectral densities describing high fre- 
quency motions. (fft~T)l is supposed to be different from zero 
because of slight constraints exerted on chain segments induc- 
ing non-isotropic rotations of CH 3 group axis, for example. 
A second average is now supposed to occur corresponding 
to isotropic relaxation of constraints exerted on chain seg- 
ments. In other words, the partial average (~/"~T)I is a time 
function, its time average is zero: 

(( '~T) 1)2 = 0 

The relaxation time, T o , of constraints characterize the 
time variation of 4fffT) 1. T h e  second step of the motional 
narrowing process occurs in the only case where I ( ~ T )  1 land 
T o obey the inequality: 

I ( ~ T ) I  l T o ~ 1 

when !(~g~T)112 Tp ~ 1, monomer unit motions are perceived 
as non-isotropic ones and (((~T)1)2)2 determines the spin-  
spin relaxation rate, as in solid samples. This mechanism of 
relaxation has been already called a pseudo-solid effect; a 
specific spin echo technique has been proposed to observe 
it directly 24. There is actually another contribution added to 
this line broadening mechanism and depending upon non- 
isotropic high frequency motions: 

(T2)i  -1 = ( ( ~ f  T _ (,~'fT)l)2)lg2(CO0) 

g2(co0) is a function of spectral densities describing high 
frequency motions. 

The relative weight of these two contributions can be deter- 
mined from a spectrum narrowing effect. This effect has 
been theoretically and experimentally described, recently 2s,26 
When the linewidth is exactly divided by two upon sample 
rotation, it can be considered that the non-zero average ten- 
sorial spin energy entirely governs the spin-spin relaxation 
process. Such a property is well observed in the linear zone. 
Therefore, in this concentration range the first average 
( ~ T ) I  decreases upon solvent addition. The relaxation time 
T o of constraints is also probably a decreasing 7 function like 
the disentanglement time s T r c: C3p/2N 3. 

The transition zone 
The transition zone corresponds to a smooth evolution of 

the spin-spin relaxation time towards the plateau regime. 
In the transition zone, the linewidth is reduced upon 

sample rotation by a factor giving from about two ('7 -~ 7) 
to about one ('7 ~ 16). It is concluded that both types of 
mechanisms are involved in the line broadening: high 
frequency non-isotropic motions and the pseudo-solid 
term (((~/~ T)I )2)2. But the relative weight of  the r~seudo- 
solid contribution goes to zero when the plateau zone 

is reached; or, more precisely, this contribution decreases 
and becomes insensitive to sample rotation effects. 
This may occur either because ( ~ T ) I  goes to zero or because 
the relaxation time T o shortens enough to permit a second 
step motional narrowing process leading to the contribution: 

(T2)~-I = (((~,~'T)l)2)2G2(co0); 

G2(w0) is a function of spectral densities describing con- 
straint relaxation i.e. low frequency isotropic motions. The 
above contribution might perhaps account for the slight dif- 
ference between the spin-lattice and the spin-spin relaxation 
rates measured with the plateau zone. The slight frequency 
dependence observed within the transition zone is induced 
by the contribution of non-isotropic high frequency 
motions, (T2)]-l. 

Details about n.m.r, formalism supporting the above des- 
cription are given in references 25 and 26. 

COIL OVERLAP AS PERCEIVED FROM N.M.R. 

Whatever the exact contribution of ( I ( ~ T )  112)~/2 or 
( I (YT)  112)2G2(co0) to the spin-spin relaxation mechanism 
it is considered that coil overlap is perceived from n.m.r, as 
soon as the spin-spin relaxation rate measured at constant 
temperature as a concentration function is found to exhibit 
a deviation from the plateau value; the corresponding ratio 
of molar fractions will be called 7v. Another experimental 
procedure may be used by deterrriining "Tv at constant con- 
centration; % is located at the observed deviation from the 
Arrhenius plot of the spin-spin relaxation time. % values 
obtained from PIB-CS 2 systems at room temperature are 
18 -  + 2(/~t v = 9.9 x 105) and 10-+ 1 (My = 2.2 x 105);7v 
values derived from measurements reported in reference 13 
are 6.5 -+ 1 in CC14 and 3.2 -+ 0.4 in C6D 6 at room tempera- 
ture (~t v = 11.3 x 105). 

It may be of interest to compare 7v values obtained from 
n.m.r, measurements to the ideal values 3'* calculated from 
measured chain dimensions in the same solvent. More pre- 
cisely, we consider the ratio: 

o = 7(7v + a/b) l /4(7 * + a/b)- l /4/X,  

which is also theoretically equal to: 

([RG(C) ] 2)/(( R 0)2) 

For PIB chains, "7* + a/b is expressed as: 

"7* + a/b = 4.13M 1/2 e3/(Msu~s) 

When PIB chains are observed in CS 2 solvent, at room tem- 
perature (COs = 0.80 cm 3 g- l ,  a/b = 0.88): 

"7* + a/b = O.068M~-l/2a] = 0.068[r/]/K 

Intrinsic viscosity measurements performed on PIB-CS2 
systems at 300 K gave [77] = 2.10 and 0.70 dl g-1 for My = 
9.9 x 105and 2.2 x 105 respectively. Therefore, o = 0.7 and 
0.80 for 7v = 19 and 10, respectively. When PIB chains are 
observed in C6D6 solvent, at room temperature (COs = 1.14 
cm 3 g - l ,  a/b = 0.6): 

"7* + a/b = 49.50 tx] 
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This solvent is of particular interest because the P I B -  
C6D 6 system is krtown to have a theta temperature equal to 
297K (chain of  infinite length); therefore at 303 K the ex- 
pansion factor may be considered as equal to one; unperturbed 
dimensions may be used. The 3'v observed value (_~ 3.5) is 
quite different from that observed in CS 2 (-~ 19), nevertheless 
the o ratio is still found to have a value close to 0.6: o = 0.63. 

It must be emphasized that although 7v values observed 
in CS2 and C6D 6 are quite different from each other they all 
give the same approximate o value: 0.60 -+ 0.1. 

Uncertainty about  o 

It is not  possible to consider that a general property about 
coil overlap perceived from n.m.r, has been established from 
the above few measurements. However, the ratio o is defined 
within a reasonable accuracy because of  the 0.25 exponent 
appearing in its definition. Starting from: 

o = 7(7v + a /b ) l / 4 (7*  + a / b ) - l / 4 / X  

with 

3'* + a/b = 2.52 Mp 
Ms~sYIv  

t o  0 ~2\3/2a3 
k'~G ) ~0 s 

and 

<(R °)2) o = ~ M v  

the main uncertainty comes from/3, My, a s and 3'v; assuming 
that in the worst conditions A3/3 = A M v / M  v = O. 1 = A3"v/3' ~ 
= /Xas/a s, the relative uncertainty about o is: 

Aa/o = O. 15 

It is believed that o = 0.70 -+ 0.1 may be an empirical num- 
ber measuring the degree of  n.m.r, sensitivity to coil overlap 
of  polyisobutylene chains. This number may be specific to a 
given polymer. It is worth noting that if a is supposed a con- 
stant number specific to a given polymer then the number 
of  blobs Pb = ( xo /7 )  - 5  characterizing the virtual partition of  
a chain is also a constant number. In other words, the above 
results show that monomer unit motions become hindered 
enough to be perceived as non-isotropic ones when the virtual 
partition of  a chain is about 15. On the other hand, the 
overlap concentration Cv is about 8 times greater than the 
ideal overlap concentration C*. 

Temperature effects were explored over a small tempera- 
ture range. Variations of  7v as a temperature function are 
plotted in Figure 10. If  it is assumed that is a constant num- 
ber independent of  temperature, then 7v should vary as: 

7v + a/b o: ( A / M s w s ) [ (  T _ 0)/01 3/5 

for a given chain length. The accuracy of  our low tempera- 
ture measurements was not high enough to demonstrate that 
3'v obeys the above relation; however the 3'v decrease induced 
by lowering the temperature is well observed. 

Finally, the coil overlap process has recently been studied 
from n.m.r, measurements performed on PEO chains in solu- 
tion in D2 O27. Chain molecular weight (/~t v -~ 3.7 x 105) and 
3'v (110) were defined within a good accuracy;however, the 
radius of gyration, RG,  in H20,  derived from viscosity 
measurements was known with a large uncertainty: (330 -+ 
50) A; it may be easily shown from a logarithmic plot of  

Polymer coil overlap: J. P. Cohen-Addad 

data of  reference 28 that the average end-to-end distance 
@2)1/2 depends on molecular weight according to the 
relation: 

(r2)1/2 = M  a 

the a exponent has a satisfactory value: 3/5 whatever the 
model used to connect @2)1/2 with [*7] ; unfortunately ab- 
solute values of  (r2) 1/2 strongly depend upon the considered 
model. Nevertheless, the a ratio calculated from [7/] = 
2.96 dl g-1 and ~ = 2.5 x 1021 is found to be equal to: 0.73 + 
0.15 (~b is the universal constant used to describe intrinsic 
viscosity variations). 

CONCLUSION 

Coil overlap of  polyisobutylene chains in CS 2 was studied 
by observing the spin-spin and spin-lattice relaxation pro- 
cesses of  protons bound to polymer chains. The cross-over 
from the dilute to the semi-dilute regime was investigated, 
considering a wide range of polymer concentrations. It was 
shown that coil overlap is observed from n.m.r, when chain 
segment motions are perceived as non-isotropic ones because 
of  slow relaxation of  isotropic chain constraints. This effect 
gives rise to a specific contribution to the spin-spin relaxa- 
tion process. Coil overlap was found to occur at concentra- 
tions C v much higher than the ideal concentration C* cal- 
culated from measured radii of  gyration. The theoretical 
ratio of  mean square radii of gyration ([RG(Cv) ] 2)/ 
( [ R G ( C . ) ]  2) was shown to be equal to 0.7 + 0.1 for diffe- 
rent chain lengths and different solvents. It corresponds to 
a virtual partition of  the chain into about 15 blobs. 

It is suggested to extend the above study to other poly- 
mers using very sharp fractions and well defined tempera- 
tures to establish whether or not the above ratio is a number 
specific to a given polymer chain. If  it can be shown that a 
is actually a constant within a reasonable accuracy then n.m.r. 
could be proposed as an experimental tool to characterize 
chain dimensions besides light scattering or viscosity 
measurements. 
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