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1 H spin--lattice relaxation in polystyrene has been studied as a function of molecular weight, solvent 
and temperature. The relaxation times are reported for the aliphatic CH and CH 2 and the aromatic 
ortho and (meta + para) signals. In addition the aliphatic relaxation times under the influence of 
strong irradiation at the aromatic peaks have been measured. The results have been interpreted in 
terms of three-bond conformational jumps combined with a rotational diffusional process, and show 
that the conformational jump correlation time is about an order of magnitude shorter than the diffu- 
sional correlation time. The solvent dependence of the relaxation times has been correlated by means 
of a reduced temperature scale and activation energies are reported. 

INTRODUCTION tion of molecular weight, temperature and solvent with the 
aim of promoting a more accurate description of the poly- 

Polystyrene is a popular subject of studies of polymer mer motion. There are two novel features. Firstly, in addi- 
dynamics in solution, largely because narrow molecular tion to the well-known unperturbed relaxation times ob- 
weight fractions are readily available. N.m.r. studies have tained from inversion recovery curves with a non-selective 
not been lacking, and both 1HI-3 and 13C3-S relaxation inverting pulse, we have also measured the relaxation times 
have been investigated. 2H relaxation 9 has also been em- of both types of aliphatic protons under the influence of 
ployed as well as e.s.r. 1 o,11, fluorescence depolarization ~2, strong saturating irradiation at the aromatic protons. This 
Rayleigh scattering depolarization 13 and acoustic absorp- technique was introduced in earlier studies of poly(vinyl 
tion 14'1s. The general conclusion of this work is that mag- acetate) 21'22, and effectively measures the rate of spin popu- 
netic relaxation in polystyrene is dominated by a local seg- lation transfer (spin diffusion) between observed and irra- 
mental process whose correlation time is independent of diated spins i.e. transitions of the type o~ "~-/3a. These occur 
the molecular weight above a critical value of ~20 000. at frequencies of the order of chemical shifts, so are con- 
Moreover, 13C spin-lattice relaxation measurements 3'6'7 trolled by low frequency motions, in contrast to the normal 
have shown that the phenyl ring is capable of undergoing spin-lattice relaxation transitions which are controlled by 
restricted rotation relative to the backbone at a rate compa- high frequencies of the order of MHz. Secondly, we have 
rable to the segmental motion 1'6. The variation of ring to- made measurements on a random copolymer of styrene and 
tation with temperature appears to be discontinuous, judging perdeuterostyrene, the mole fraction of the former being 

0 an 1 1 13 7 fr m ch gesin slope of H linewidth and C T1 values 0.05. In these samples, the protons are shielded not only 
with temperature, and a conformational transition has been from intermolecular relaxation sources but also from intra- 
suggested 1. It has been known for some time that polymer molecular interactions between monomer units some dis- 
segmental motions are neither isotropic nor diffusional, re- tance apart in the chain but which are brought into proxi- 
suiting in non-exponential correlation functions. Empiri- mity from time to time by chain coiling. The only signifi- 
cally, the motion can be interpreted in terms of a distribu- cant interactions are those within a single monomer unit 
tion of isotropic correlation times s'6'9. However, a more and the relaxation times therefore truly reflect the chain 
elegant model 16- is based on three-bond conformational motion. 
transitions of a chain on a tetrahedral lattice which also leads 
to a non-exponential autocorrelation function, has been ap- 
plied successfully to the interpretation of 13C spin-lattice THEORY 
relaxation times 3'6 and nuclear Overhauser enhancements 6 
1H spin-lattice relaxation times 3 and fluorescence depolari- Coupled spin-lattice relaxation 
zation experiments 12. A modified version 19 of this model There are five distinct types of proton in polystyrene, the 
has been applied to I9F relaxation in poly(p-fluorostyrene) aliphatic methine (denoted by A) and methylene (X) and 
and poly(m-fluorostyrene) 2°. the aromatic ortho (O), meta (M) and para (P) protons. 

In this paper we report the results of a proton spin-  Assuming that only intramolecular 1H-1H dipole dipole 
lattice relaxation study of polystyrene in solution, as a func- relaxation mechanisms operate, spin-lattice relaxation 
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Table I Values of Nil for use in equations (2) and (3) Al ipha t i c  protons.  These were t reated in the same w a y  
(a) Fully protonated polystyrene as in a previous study of poly(vinyl acetate) 21. RAA, RAX 

/ and RXX incorporate all significant interactions between 
protons in the backbone and the values used were (pm): 

i A X O M P 

RAA = 273;RAX = 242;Rxx = 166 
A 2 4 2 2 1 
X 2 1 4 4 2 
O 1 4 1 2 1 In the deuterated polymer, only geminal and vicinal inter- 
M 1 4 2 1 1 actions are present) the distances being (pm): 
P 1 4 2 2 0 

RAA = ~;RAx = 272;Rxx = 176 

(b) Copolymer (random) of 95% styrene-ds/5% styrene 
For the spectral density, we have employed the expression a 

i arising from the jump model of Valeur et aL 16,17, modified 
i A X O M P by an empirical exponential factor'S: 

It is written as a function of frequency and two correlation 
A 0 2 2 2 1 t imes:  
X 1 1 2 2 1 
O 1 2 1 2 1 J (~)  = F(co,r D , r0) 
M 1 2 2 1 1 

P 1 2 2 2 0 TOTD(TO_TD ) f[  TO~I/2 
to2~-2~-2 (tO -- TD)2 + "O" O 

[ (1+6°27-2)1/2+1] ( )  1/2+ 7- 0 1/2 
X 

ignoring cross-correlation effects, is govemed by five coupled I + 6027-2 2 -7  D 
differential equations of the form: 

dS i _ (Si - S/0) x - 1 (4 )  
-d 

/ 7-D is the correlation time characterizing conformational jumps 
and r 0 represents either additional isotropic relaxation pro- 

S i is the lonl~tudinal magnetization of spins i(i = A, X, O, cesses, or deviations from ideal lattice conditions. 
M, P), and S~ is its value at thermal equilibrium. The diago- 
nal relaxation coefficients can be expressed as: Aromatic protons. The spectral density for interactions 

between aromatic protons depends on a correlation time for 
ring jumps, 7-j, as well as 7-D and r 0. Potential energy calcu- 

l_KNii(3J(coi)_+l_2J(260i) ] lations~3 clearly indicate a two-fold barrier to ring rotation, 
+ and we therefore derived the autocorrelation function for 

Tii ~ R 6 ] ii 1 80 ° jumps by a slight modification of Woessner's treat- 
ment 24 of a threefold barrier. However, during the course 

{ J(60i--~°I)+3J(60i)+6J(60i+601) } R 6 account,°f this w°rk' J°nes2S independently published an identical paper 
K S N i I  (2) and the reader is referred to that for details. 

j~ i il J(60) becomes: 

and the cross-relaxation (off-diagonal) coefficients by: J(¢o) = ¼ {[(1 - 3cos2A) 2 + 3 sin4A] F(cO,rD,r0) 

A = KNji [6J(6°i + wJ) - J(60i -60/) l (3) + 3sin22AF(~,rD'rR)} (5) 
Tij [ J R 6  i1 

where the functions F are given by equation (4) A is the 
where angle between the internuclear vector and the internal rota 

tion axis, and rg i~ given by: 
K = (PO/4rr)27H4h2/lO 

1 1 1 
The subscript on each bracket applies to each J(to) and R - + 
within. Nil is the number of nuclei of type j with which a 7-R 7"0 Tj 
nucleus of type i interacts; the values are given in matrix form 
in Table 1. Ri/is an effective distance for the interaction of r j  is the average time between phenyl ring jumps. It was 
nucleii i and ], 60i is the resonance frequency of  nucleus L assumed that the phenyl ring is a regular hexagon with C-C 
and Ji! (60) is the spectral density of the normalized autocor- and C-H bond lengths of 139.5 and 108.4 pm respec- 
relation function of the dipole-dipole interaction between i tively. In the most favoured conformations of both isotactic 
and ] at the frequency 60. The evaluation of the distances and syndiotactic sequences, interactions between protons in 
and spectral densities depends on the nuclei involved, and different rings are negligible. The appropriate distances (ex- 
can be divided into three sections, cept for ROM ) are (pm): 
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averages over trans and gauche conformations of  backbone 
fa | bonds. 

C ~ C / C ~ C  It is estimated that the distances quoted are accurate to 
H within 5%, giving calculated relaxation times to within 30%. 

I I 

r;' .... I I Treatment o f  experimental and calculated relaxation curves. 
...... j C ~ c J C  All polystyrene samples used were atactic, giving spectra 
H very similar to that at 60 MHz zT. The A, X and O protons 

Figure I Showing the two O--A interactions which interconvert on produce separate broad single peaks at 2.0, 1.6 and 6.5 6 
rotation of the phenyl ring by 180 ° respectively, while the M and P protons overlap in an unre- 

solved peak at 7.0 6. Experimentally, one can determine 
the relaxation curves for the total A, X, O and (M + P) mag- 
netizations. Although in principle the curves are non- 
exponential because of coupled relaxation, in practice the 

RO0 = Rop = RMM = 429; RMp = 248 recovery following inversion of all protons is exponential 
within errors of  2-3%. We therefore make use as before of  

For O - O  and M - M  interactions A = 90 °, for P-M A = 60 °, the concept of an effective relaxation time T~I where i = 
and for O-P A = 30 ° . There are two types of  O-M inter- A, X, 0 MP, which is obtained by a least-squares fit of a 
action, one ortho with A = 0 ° and separation ro = 248 pm, single exponential to the recovery curve from the initial per 
and the other para with A = 60 ° and separation rp = 496 pm. turbation to the time when the deviation from equilibrium 
On averaging these interactions, the expression for the quo- falls to 25% of its initial value. Calculations of TZl for ranges 
tient J(co)/R 6 M to be substituted in equations (2) and (3) is: of correlation times were carried out by numerical solution 

of the system of five equations (1) which can be written in 

- + F ( c o  ,7" D ,r0)  
Rg M 2 16r dS' 

- - R S '  ( 8 )  
9 dt 

+ ~ F(W,rD,rn) (6) 
32rp where R is the 5 x 5 matrix with Ri/= 1/Tii and S' is the 

column vector with S: = S i - S~i. Solution of equation (8) 
Interactions between aliphatic and aromatic protons. Only 
interactions within the unit CH2-CH(Ph)-CH2 were gives: 

included. S, = exp(_Rt)S, 0 
Since the P proton lies on the ring rotation axis, interac- 

tions involving P do not vary as the ring rotates, and equa- where S b contains the initial deviations. For complete in- 
tion (4) was used for J(a)). The effective distances were version, ~'0 = -S~/. After numerical evaluation of  the 

• . t t calculated to be: matrix exponenhal, S~/and S~, were added to produce a 
composite curve. 

RAp = 585 pm; Rxp = 614 pm The A and X signals were too close in relation to their 

(Rxp was averaged over trans and gauche conformations of  width to allow A -  {X} or X -  {A} double resonance relaxa- 
tion measurements of  the type described for poly(vinyl 

backbone bonds), acetate) 21. Instead advantage was taken of  the fact that sig- 
For interactions involving the O or M protons, the inter- nificant relaxation coupling occurs between O aromatic and 

nuclear distance as well as the orientation changes when the 
aliphatic protons. Aliphatic relaxation times were therefore 

phenyl ring rotates, as illustrated in Figure 1 for the O-A also measured with all aromatic protons saturated by a strong 
interaction. Rowan et al.26 have analysed the spectral den- 

decoupling field. The relaxation curves were analysed as 
sity function for such a case when the rotating unit is a described above, producing effective relaxation times which 
methyl group experiencing a three fold potential. We have 
followed their treatment for the present case of  a twofold will be denoted by TJ t {ar} and TI x {ar}. Under conditions 
potential, finding that the effective value ofJ(a))/R 6 is of  aromatic saturation, the A and X relaxation is described 
given by: by the equations: 

_ - - s 3  s°+s  j(~) dSA (SA s~) (Sx s°x)+ + 
R6 " - D+F(cO,rD:O) + D_ F(CO:D,rR) dt TAA TAX TAO TAM TAp 

where dSx_ ( S x -  S ° ) ( S A -  SOA) + S L  + sO + S 0_ 

dt TXX TXA TXO TXM Txe 
D± = 1/4(1/r 6 + 1/r 6) +- (3 cos2/3 - 1)/(4r31r32) (7) 

which are solvable analytically for SA and SX. 
r I and r 2 are the two values of the internuclear distance and 
/3 the angle between then. The calculated values o f r  1, r2 
and/3 for the O, M, A and X protons are given in Table 2. EXPERIMENTAL 

2 3  It was assumed that in the potential energy minima, the 
plane of  the phenyl ring bisects the Ca-C/3-C a bond angle. Fractions of  polystyrene were obtained from Pressure Chemi- 
The values for X - O  and X - M  interactions are effective cal Company, Pittsburgh, Pa, USA. Studies of the solvent 
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Table 2 Structural data for aromatic--al iphatic dipolar interactions phatic groups, the aliphatic relaxation times were about 
for use in equation (7) 10% shorter than when the decoupler was off. A correction 

of this magnitude was therefore applied to the double reso- I nteraction r I/pm r 2/pm fl 
nance relaxation times actually measured. Reproducibi l i ty 

O-A 377 234 86 ° was better than 5%. 
M - A  552 466 49 ° 
O-X 251 492 65.2 ° 
M - X  468 691 49 ° 

RESULTS 

Experimental data 
2.0 Figure 2 shows the unperturbed and decoupled relaxation 

times for polystyrene in a 5% solution in CDC13 as a func- 
" " ~ ' ~ - - - x  x J  tion of temperature. The unperturbed relaxation times all 

~ X ~ x ~ x ~ / /  pass through a minimum, becoming equal at low tempera- 

f / /  tures because of rapid spin diffusion. As the temperature 
I O ". ~ * ' / V  falls, the increasing effectiveness of aromatic relaxation via 

~ * ~ , _ . _ . . . . , ~ o ,  spin-diffusion to the aliphatic protons explains the relative 
flatness of the curves for T ° and T MP. The decoupled re- 

0 6  laxation times continue to decrease with decreasing tempe- 
rature, again because of the increasing efficiency of spin 

-'= diffusion. The most significant quantitative feature of the 
~- 0 4  data shown is the value of T1X at its minimum, 240 msec. 

For isotropic rotational diffusion (rD >> r0), the calculated 
value of TXmi n is 160 msec, and the value rises as the 
ratio rD/r 0 decreases2k It is clear that the jump process 
must play a substantial, if not dominant, role in PS magnetic 

0 2  relaxation. 
The molecular weight dependence of T X is shown in 

Figure 3. TX1 alone is shown, because it is dominated by 
the geminal backbone methylene interaction and therefore 
must accurately reflects the backbone motion. The other 

O I 2'5 ' 315 ' 415 ' relaxation times vary with molecular weight in the same 
IOOO/T ( K -I) way as T ( .  It is seen that for molecular weights above 

~2 x 10 4, the relaxation times are practically independent Figure 2 Variation of unperturbed and decoupled relaxation times 
with temperature for 5% (w/v) polystyrene (M w = 1.1 x 105) in of molecular weight, in agreement with 1H T2 measure- 
CDCI3: x, TMIP; +, T~I; O, TA 1 ; e, T A {ar};  D, }:X; II, T x {a r }  ments 3, 13C T 1 measurements 4 and e.s.r, l inewidths 1°. 

Above this molecular weight, relaxation is control led by 
local segmental processes, whereas below it, end-over-end 

dependence were made on 5% (w/v) solutions of a sample tumbling of the whole molecule plays an important 
with Mn = 1.1 x 105 andMw/M n = 1.06 in CDC13, CC14, role a'~°. This interpretation is consistent with the observa- 

hexachlorobutadiene (HCB) and 90/.I0 by volume mixture 
of cyclohexane-dl2 and toluene-d 8 (CH/T). This last solvent 
is a 0 solvent at 15°C. The molecular weight dependence in 2.0 
CDCI 3 solution was investigated using further samples with 
Mn values of 2.1 x 103, 1.0 x 104 and 6.7 x 105, all with 
Mw/Mn values of~< 1.1. 

tn  J 

The copolymer of styrene and styrene-d 8 was prepared / " J  
by bulk polymerization of a 95/5 mixture of styrene~/8 I C o// and styrene at 60°C for 11 h using benzoyl peroxide as 
initiator. The polymer was purified by precipitation from ~ * ~ * ' ~ 7 / /  
toluene solution by addition to methanol followed by filtra- ~ / 
tion and drying. From g.p.c. M w was found to be 4.2 x 105 ~._ 0 6  
and Mw/M n ~ 2. Studies were made on a 5% (w/v) solution m - "  

in CDC13. All solutions were degassed and sealed in vacuo. 0.4 7 , / "  J 
N.m.r. measurements were made on a Varian Associates ~.*/s¢//*" .x/^/ 

SC-300 spectrometer operating at 300.246 MHz. Spin- ~ ^ 
lattice relaxation curves were obtained using the (zr-r-zr/2) , ~  ~~ '4? f '~" r~ /  
inversion recovery sequence. ~ ' ~ - - ~ - . ~  

In the double resonance experiments quite high decoup- 0.2 , ' ' 
ling fields were necessary to saturate all aromatic protons. 25 315 4'5 
In spite of the large offset, the decoupling field itself had a IOOO/T(K-t) 
small but noticeable effect on the relaxation rate o f  the ali- Figure 3 Variation of T x with temperature for 5% (w/v) CDCI a 
phatic protons, as shown by the fact that when the decoup- solutions of polystyrene of different molecular weights, x 2100; 
ling field was set at the same offset to high field of  the ali- +, 104; o 1.1 x 10s; D, 6.7 x 10 s 
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2.0 can therefore be defined for another solvent b by: 

x / / . ,  / 1000 1000 
T* - P b ' - - ~ - -  +qb  (10) 

I.O / 

* /  where Pb and qb are constants for solvent b and are given 
by: 

k R r 0 
- -  l n - -  

qb = Ea TO X ~ x  

0 2  
CDC13 was chosen as the standard solvent, and Pb and qb for 
the other three were determined from equation (9) using the 
temperatures at which T X achieved its minimum value, and 
the value of 1 sec. Table 3 gives the results obtained, while 

O I 2-5 3"O 3'5 4 0  Figures 5 - 7  show all the relaxation data for all four solvents 
I O 0 0 / r ( K  -~) plotted against the resultant reduced temperature. All four 

Figure 4 Variat ion of T x with temperature for  5% w/v solutions solvents lie on the same master curve wi th in  experimental 
of polystyrene, M w = 1.1 ix 10s: x, H CB; +, CH/T; ©, CCI4; error. This result shows that there is no qualitative difference 
CDCI 3 (from Figure 2) between polymer motion in the four solvents, only a shift 

along the temperature scale arising from differences in ther- 
tion that TXmin fo rM w = 2100 is 10% lower than for the other mal activation parameters. 
three samples, indicating a higher value of the ratio 7,D/T 0. 

Figure 4 shows the solvent dependence of T x. It is Determination of correlation times 
clear that the solvent has an enormous influence on the seg- Because of the correlation of relaxation time solvent de- 
mental motion. The curves for CDC13, CC14 and HCB are pendence in the preceding section, only the relaxation times 
similar in shape but are displaced successively to higher tem- 
peratures in that order. These three are all good solvents for 

PS, wi th similar chemical structure. They differ chiefly in Table 3 Temperature scaling parameters and activation energies 
viscosity, the values at 20°C being: CDC13 0.58 cp; CC14 for  5% (w/v) solutions of  polystyrene, M w = 1.1 x 10 s 
0.97 cp; HCB 3.30 cp. This is probably the controlling dy- 
namic factor. The CH/T solvent has a viscosity close to (ka/mol) 
CC14, and the relaxation times are comparable above ~50°C qs 

Solvent Ps (K -1 ) E D E~ Ein t 
but as the temperature approaches the 0 temperature, the 
CH/T values display a much higher activation energy, due CDCl3 (1) (0) 19 -+ 3 8 11 _+ 3 
presumably to higher barriers in a tightly coiled polymer, ccl4 1.29 + 0.1 -0.60 _* 0.2 25 ± 4 11 14 • 4 
These observations are in full agreement with e.s.r, data xl HCB 1.52 ± 0.1 -0.84 -+ 0.3 29 -+ 4 13 16 -+ 4 
for toluene, cyclohexane and c~-chloronaphthalene solutions CH/T 1.67 -+ 0.2 -1.62 ± 0.4 32 ± 5 13 19 ± 5 
and 2H n.m.r, data 9 for benzene and diethylmalonate 
solutions. 

Scaling of solvent dependence 2 0  
Because of the similarity in shape between the T1X versus / 

temperature plots for all four solvents, attempts were made / ,  
to develop a master curve on some form of reduced tempera- 

/ 
ture scale. The following procedure proved satisfactory. I© + 
Suppose that a correlation time (either 7, D or 7-0) in solvents / 2  

a and b behaves in each according to the Arrhenius equation ~ x . o  ~,o * 
g 

but with different activation energies (E) and frequency "~ 
factors (r 0) ~'-'_ 0 6  

ra = 7,a 0 exp(Ea/R T) 

7-b = 7-0 exp(Eb/R T) 0 " 4  

The temperatures Ta and Tb at which T a and 7, b are equal are " ~ ,  
related by 

0 2  , , , , , 
1 E b 1 R 2"5 35  4'5 

- + - -  ln(%O/ra O) (9) I O 0 0 / r * {  K-') 

Ta Ea Tb Eb Figure 5 Variat ion of T f  wi th reduced temperature T* calculated 
from equation (10) using the shift parametersp b and qb given in Table 

Choosing solvent a as a standard, a reduced temperature T* 3. M w = 1.1 x 105. x. HCB; +, CH/T; 0, CCI4; [], CDCI 3 
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2.O this mechanism is also negligible with the aid of  measure- 
ments on the deuterated sample. 

.'/ The influence of ring rotation on the relaxation times 
, /  was investigated by carrying out a number of  trial calcula- 

tions for wide ranges of  correlation times. These revealed 
*~ that unlike 13C relaxation times 7, neither aliphatic nor aro- 

I.O j matic IH relaxation times are strongly affected by r j ,  due 
to the facts that the O - M  interaction in the ring has A = 0 °, 
and is unaffected by ring rotation, and that the coupling 

0'6 "~- x ~  between aromatic and aliphatic protons is weak. It is there- 
, )  * fore not possible to derive r j  from the present data with any 

O' 4 ~--~.~ o x * o ~  "g degree of  accuracy. It has been assumed that 7" D = 7"j, based 
on two arguments: 

(i) a comparison of the magnitudes of  aromatic and ali- 
phatic 13C TlValues 3,6,"/shows that the phenyl ring is not 
immobile relative to the backbone, but neither is it rotating 

O.7 , , , much more rapidly. We conclude that 7"j is comparable to 
2.5 3'5 4'-5 whichever correlation time controls the backbone motion 

IOOO/T*(K-t) i.e. 7"D. 

Figure 6 Variation of T A with reduced temperature T*. (Details (ii) Potential energy calculations 23 suggest that in the 
in caption to Figure 5) most favoured backbone conformations, the barrier to ring 

rotation is extremely high, and ceqainly higher than the ob- 
served activation energies 7 of 13C T 1 s. It is likely therefore 

2.(3 that the ring is free to rotate only when the backbone is in 
a highly disfavoured conformation 23 or during the backbone 

x /  A jump itself. 7"j will therefore be comparable to 7"D, in both 
J value and activation energy. 

x r D and r 0 were determined graphically as follows. For 
I'O " ' a ~  6~'°~ a given value of the ratio 7"D/7"0, the values of 7"D required to 

, , , ,o~.  obtain the value of T1X at each temperature were interpolated 
o 

x ~  O o from relaxation times calculated for a wide range of r D. The 
0.6 remaining five relaxation times expected for that particular 

.-~ 7-D/7-0 ratio and those 7" D values were calculated and plot- 
ted against temperature. The process was repeated for a dif- 

k- 0.4 ferent 7"D/7"0 ratio, and finally the experimental values of the 
remaining relaxation times were superimposed on the predic- 
ted plots. 

0 2  N , ~  2.0 
A 

x 

~ ~ + 

Ol , , , 2-s 315 41s ,.c 
IOOO/Ta(K -~) 

Figure 7 Var ia t ion  of (A) T O and (B) TX{ar}with reduced tem-  
perature T * .  (Detai ls in capt ion to Figurer5) 0 6  

in CDC13 were analysed to determine r D and 7"0. A number ~ ~Ox . 
of  assumptions were made in this analysis, and these will be k- 0-4 "~o ~ o-o ¢~.~ . 
discussed before presenting the method and results. ~°~oxo~\~ 

The calculation of effective relaxation times given the 
correlation times 7"D, 7"0 and 7"j has been outlined in the ~x  
theory section with the assumption that the only relaxation 0 .2  o 
contributions arise from protons within a sequence of three ÷ \ \  
monomer  units. Two other possible sources were ignored. B 
The first, intermolecular interactions, is negligible since 
dilute solutions in non-protonated solvents were used. The ° \  
second possibility is interactions between protons in the same O.I ' ' ' ' . ' 
molecule but on monomer units separated by some distance 2.5 3-5 4.5 
along the chain but brought into close proximity by chain IO00/Te(K-I) 
coiling. The aromatic M and P protons are most likely to Figure 8 Variat ion of (A) T MP and (B) 7"1"4 { a r }  wi th reduced 
experience such an effect. However, we shall show later that temperature T*. (Detai ls in caption to Figure 5) 
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~ .  ! This is certainly true at the minimum in T/X. As mentioned 

' 1 %  O O  ...~/~O t in the description of the experimental results earlier the 2 0  0 " 0 3  II1% . . -  • . . . . . . . . . . .  

i I . . . , . "  '" • ........ - . . . .  I A m i n i m u m  value o f  TlX is qu i te  s t rong ly  dependen t  on rD / r  O, 
. ...... " . - - - - -- '  and the value observed, 240 msec, corresponds to that pre- 

• 7 h dicted for ro / z  0 ~ 0.1. The same also applies to the mini- 
x * x ~ ~ mum in T~ 1. When uncertainties in the internuclear dis- 

I-O . /  tances and experimental errors are taken into account, the 
most probable range of rD/r 0 is 0.06--0.3 at the higher tem- 

B peratures and 0.05 to 0.1 5 at the lower temperatures. This 
" ' -  I " -'';~-y conclusion applies to all solvents and also to molecular 

0"6 - \  -,.. '%.;,'~.~/ weights greater than ~ 15 000. 
O'O3,,,,,.~ I .."~J/O07 <_ .~,,,,,~ .... ~,,/ - - The test of our assumption that only local intramolecular 

- ~  .... ~ - ' ~ - "  relaxation occurred was carried out by comparing experi- 
0"4  ~ ~ o  ---~=' '~ mental measurements on the deuterated polystyrene in 

CDC13 with the values calculated for the correlation times 
• ,, . " ~. ............. ~ derived for the fully protonated polymer in CDCI3. The ,, I "_...~-~ -7~;T'- " .. ....... I0  

~ Z f f . . _ ~ - " " '  ~ ,  - .  result is shown in Figure 10. Although in places there are 
-,,I discrepancies of up to 15%, it must be remembered that 

0.2 \ ' ~ k  this can result from distances which are incorrect by less -C 
"-- kO07 than 3%. The overall agreement is sufficiently good to jus- 
x. \ tify both the neglect of intermolecular interactions and the 

0 . 0 ; \  ~ model used for the chain motion. 
, , An Arrhenius plot of the variation of 7" D with tempera- 

% 

O.I 215 315 ' \ 415 ture in the CDC13 solution is shown in Figure 11. The acti- 
IOOO/T(K -~) vation energy, together with those derived for the other sol- 

Figure 9 Comparison of experimental and calculated values of (a) vents f r om the tempera tu re  shi f t  factors Pb are l is ted in 
T f f  P, (b} T1A, and (c) T X { a r } .  The symbols are the experimental Table 3. 
points  and the  lines are those  predicted for the ratio "/'D/To given on 
each curve and the value of r D reproducing the experimental value 
of T x DISCUSSION 

Figures 5 - 9  show that the conformational jump model 
gives a satisfactory interpretation of all the experimental 

v ' ~ _ , 2 _ . . ~ '  ~'~+ - ' ~ 7 / /  data, and presumably has a reasonably realistic basis. Our 
2.0 conclusions that I" D is significantly smaller than r0, and 

that rD/rO is independent of temperature are in agreement 
with an earlier 13C T 1 and NOE study 6 of PS in pentachloro- 
ethane though the value of rD/r 0 reported there of ~0.4 is 
slightly higher than the range 0.06 to 0.3 found in the pre- I.O 
sent work. Laupretre et al. 3 reported rD/r 0 values of ~0.75 

_~ from IH T1 data and ~0.035 from 13C TI, T2 andNOE 
k- 

0 6  2 

0 -4  1(58 

6 

4 

0 2  ~ ' ' , ' 
2 5  3 5  4.5 2 

IO00 /T IK - ' )  -- i  

Figure 10 Comparison of experimental (symbols) and calculated P 
(lines) relaxation, times for the copolymer of 95% sWrene4s/5% 10-9 
styrene, 5% w/v in CDCI3. "/D/TO = 0.1 at all temperatures, and 
varies with temperature as in Figure l 1. x, Tff P', +, Tp;O, TI A ;~D 6 / O, T1A {ar}; D, T f ; I ,  Tf {ar)4 4 

Results for the CDCI3 solution are shown in Figure 9. At 2 
low temperatures, the predicted decoupled relaxation times 
are strongly dependent on the ratio rD/r 0 selected, and the 

i d  ;o , , , comparison with experimental values unequivocally identi 2.5 315 415 
ties the value of r D/r 0 ~ 0.07 as giving the best agreement. IO00/T(K- ' )  

A t  o the r  tempera tu res ,  the sens i t iv i ty  is no t  so clear b u t  the Figure 11 Variation of 7" D with temperature for 5% w/v polystyrene 
curves for  r D / r  0 ~" 0 . l  seem to give the mos t  conven ien t  f i t .  (M w = 1.1 x 105) in CDCI 3 
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measurements on PS in HCB (10% w/v), explaining the dis- The activation energies E D in Table 3 have been analysed 
crepancy in terms of  differences between the correlation according to Bullock et al. H using Kramers' theory 3° for 
functions for 13C-IH and 1H-1H internuclear vectors, diffusion of  a particle over a potential barrier, E D can be 
However, part of it may be due to the fact that coupled written as the sum of activation energies for the solvent vis- 
relaxation within the proton system was not considered, cosity (En) and the height of  the internal potential barrier 
Valeur and Monnerie 12 have given a TD/r 0 ratio of  0.33 for (Eint): 
p • O 

S m CDCI3 at 23 C from fluorescence polarization experi- 
ments, and M atsuo et al.2° have given a value of 0.083 from 19 F ED = En + Eint 
relaxation in poly(m-fluorostyrene) and poly(p-fluorostyrene) 
in chloroform and benzene solution. Values orE  n and Eint are also listed in Table 3. The values 

There has recently been some discussion 18'~9 of the phy- for Eint are rather higher thanthe  range 8 to 12.5 kJ/mol 
sical interpretation of the diffusional correlation time r 0. for the internal barrier quoted in the literature from e.s.r. ~1 
Valeur et al. la incorporated an exponential term e-r /°  into and other techniques ax'a2. The abnormally high value for 
the correlation function for three-bond jumps as an allowance CH/T is in agreement with e.s.r, data H, and presumably arises 
for either unspecified isotropic diffusional modes or depar- from greater steric hindrance in a more tightly coiled con- 
ture from ideal lattice conditions. A possible isotropic dif- formation adopted in poor solvents. The higher values ob- 
fusional mode is overall molecular tumbling i.e. the first served here for the good solvents probably reflects the use 
Rouse-Zimm mode, but this process cannot be significant of a non-exponential autocorrelation function. This is equi- 
for the present samples since we find that both TD and r0 valent to a distribution of correlation times which has the 
are independent of molecular weight. Moreover, calcula- effect of decreasing the apparent activation energy of  relaxa- 
tions 3'12 of  the relaxation time of  the first Rouse-Zimm tion times. 
mode show that it is much longer than the measured values 
of 7-0. Since we have shown that 7-D/r0 for PS is indepen- ACKNOWLEDGEMENTS 
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