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to  the explanation of this apparent discrepancy, which 
is of secondary significance. 
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ABSTRACT: 
tions. 
polymer protons. 
the polymer chain. 
Aqueous PEO solutions of KI and K S O ,  were also studied. 
spin relaxation. 

This article describes studies of nuclear spin-lattice relaxation in poly(ethy1ene oxide)-salt solu- 
Addition of KI to solutions of PEO in deuterated methanol produces large changes in the relaxation of the 

These changes can be described quantitatively in terms of free and associated PEO units along 
Salting-out effects, as evidenced in the macroscopic solution viscosity. are not reflected in TI .  

Under these conditions, neither salt has an effect on 

revious reports from this laboratory1,* have con- P cerned nuclear relaxation in solutions of poly- 
(ethylene oxide), PEO. It has been found that many 
factors influencing the macroscopic transport properties 
of PEO solutions have little effect on  nuclear relaxation. 
For example, both polymer concentration and molec- 
ular weight, two factors that profoundly influence 
solution viscosity have no observable effect on  T I ,  the 
nmr spin-lattice relaxation time. This result is readily 
understandable, since TI is sensitive to  localized molec- 
ular motions, and is insensitive to the grosser motions 
of the polymer chain. At the same time, this result 
points up the important distinction between macro- 
scopic and molecular transport properties in polymers. 
We pursue this distinction in the present article. 

The macroscopic solution behavior of PEO is known 
to be sensitive to the presence of neutral salts.3-5 
However, it is not known how neutral salts affect the 
local motions of polymer segments. We have per- 
formed TI measurements on  PEO in certain selected 
salt solutions in order to examine this question. 

Experimental Section 
Two PEO samples, having molecular weights of 6000 and 

300.000, were studied. These materials, designated PEO- 
6000 and PEO-300,000, have been described in an earlier 
article. Deuterated methanol and water were obtained 
from Merck Sharpe and Dohme of Canada. Potassium 
iodide and potassium sulfate were obtained from Baker and 
Adamson and were used without further purification. 

The solutions were prepared in standard nmr tubes. 
Each solution was subjected to four freeze-pump-thaw 
cycles to remove dissolved oxygen, and sealed under vacuum. 
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Figure 1. 
D20. 

TI measurements on 0.023 M PEO solutions in 
The effect of added K I  and K2S01 is illustrated. 

Tl measurements were performed at 34.5 i 0.5’ on a modi- 
fied Varian DA-60 spectrometer, using the “adiabatic passage 
with sampling” technique.6 The relaxation data were time- 
averaged in a Varian C1024 computer. At least 25 measure- 
ments of each relaxation time were u s r i  The data appear 
reproducible within i 5 7;. 

Viscosity was measured with a three-bulb Ubbelode dilu- 
tion viscometer at 34.5 i 0.02”. The solvent flow time was 
such that kinetic energy corrections were negligible. 

Results and Discussion 
Our experiments contrasted the proton relaxation 

of PEO in KI-CD30D solutions with that observed 
in KI-D20. Results for PEO-6000 are plotted in 
Figures 1 and 2 .  When K I  is added to CD30D solu- 
tions of PEO, it has a pronounced effect on TI.  Ex- 
perimental Ti values change from 1.9 sec with no added 
salt to 0.50 sec in 0.6 M KI solution. In contrast, KI  
has n o  apparent effect on the relaxation of PEO in 
D20. We observed almost identical behavior for KI 
solutions of PEO-300,000. 

I t  has been shown4,j that a definite association com- 
plex is formed between K’ and PEO in methanol. 
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Figure 2. Tl measurements on 0.023 M PEO solutions in 
CD30D. The concentration of KI was varied. Curve is 
calculated by the method described in the text. 

This complex has not been detected in KI-PEO-water 
solutions. One can reasonably seek to explain the 
observed differences in relaxation behavior in terms of 
this complex. We pursue this hypothesis in subse- 
quent paragraphs. Alternatively, the effect of KI on 
the two solvents must be considered.’ One could 
speculate that the added salt drastically changes the 
solution viscosity of methanol, through ion-solvent 
interactions. without interacting with PEO. Under 
these circumstances, a larger effective solvent viscosity 
would presumably impede polymer mobility, and lower 
the TI values. Experimentally, we found the solution 
viscosity of 0.6 M K I  in methanol to be 30% greater 
than the viscosity of methanol. The solution viscosity 
of KI-methanol solutions varied linearly with added 
K I  over this concentration range. The small variation 
of 7 and its linear K I  dependence argue strongly against 
any pronounced ion-solvent effects on the polymer TI 
values, when these factors are contrasted with the large, 
nonlinear concentration dependence of TI .  For com- 
pleteness, we also examined the viscosity of KI-water 
solutions. The viscosity of a 0.6 M KI-water solution 
is 4% lower than the viscosity of water. 

We now examine the effect of complex formation on 
PEO relaxation. It is reasonable that coordination 
of K+ with a PEO chain segment would reduce the 
mobility of that segment relative to the mobility of the 
uncoordinated units. Accordingly, the effective re- 
laxation time of the coordinated (or bound) species, 
(TI),,, should be shorter than the relaxation time of the 
free units, (Tl)f.s The TI data can be treated in terms 
of an exchange process between free and bound states. 
Chemical exchange enters because the mean lifetime 
of a particular “bound” state is short compared to 

( 7 )  We are indebted to  our referee for raising this point. 
(8) This point may not be entirely obvious. On the basis of 

earlier measurements, reported in ref 2, our present TI measure- 
ments are known to be in the region of “extreme motional 
narrowing.” Under these conditions, TL is inversely propor- 
tional to  molecular mobility. 
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Figure 3. TI measurements on PEO solutions in CD,OD. 
The KI molarity was one-ninth that of PEO in all solutions. 
Curve is calculated by the method described in the text. 

The quantity LY in eq 1 is the fraction of bound PEO 
units. This quantity can be calculated from the 
known formation constants.: The experimental (TJi 
was 1.92 sec. These 
quantities, together with values of a ,  generate the curve 
shown in Figure 2. Agreement between experiment 
and the calculated curve is excellent. This analysis 
implies that the mobility of individual PEO segments 
is strongly restricted through association with K+. 
It is perhaps restricted as much as (T1)f/(T& = 21 
times. 

Figure 3 illustrates further T,  measurements on PEO- 
6000 in C D 3 0 D  solution. In these experiments, the 
polymer concentration was varied while the polymer/ 
salt ratio remained constant. The curve in Figure 3 
was calculated from eq 1, using the same values of a ,  

Once again the agreement is satis- 
factory. These curves show that the dependence of 
Tl upon KI concentration in CDaOD can be simply 
explained in terms of complex formation between the 
salt and the polymer. This interpretation is also 
consistent with the insensitivity of these experiments 
to  the MW of PEO. 

It is known that addition of neutral salts to polymer 
solutions reduces the over-all dimensions of the polymer 
chains (the “salting out” effect). The reduction in 
chain dimensions is reflected in the polymer viscosity. 
In contrast, nuclear relaxation is primarily concerned 
with the relative motions of neighboring nuclei. I t  
deals with distances the order of Angstroms, rather than 
thousands of ingstroms. We used Tl measurements to 
study salting out effects a t  this local level. We con- 
fined our attention to aqueous PEO solutions of K2S04, 
since this salt is known to have a large salting-out 
effect on PEO. Salting out undoubtedly occurs in 
KI-CDsOD as well. We felt its effect on TI would 
be masked by the K+-polymer coordination complex 
described earlier. 

The results of this study are presented in Figures 1 
and 4. The data indicate that added KpSOr has no 
effect on PEO relaxation in DrO. In contrast, this salt 
has a profound effect on the polymer viscosity. Partic- 
ularly striking results were found in the system con- 
taining PEO-300,000. As shown in Figure 4, the re- 

(TI),, was chosen to be 0.089 sec. 

and ( T 1 ) h .  
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Figure 4. I-, and reduced viscosity data for D 2 0  solutions of 
PEO-300.000. 

duced viscosity of the polymer decreases more than 50 
times passing from aqueous solution to  0.5 M K?SO,, 
where the polymer is on the verge of phase separation. 
No appreciable change in TI was observed over the same 
concentration range. These results indicate that the 
local segmental motion of the polymer chain is not 
affected by the presence of unbound ions. 

We are now in possession of the following informa- 
tion: (1) the previously detected complex between 
K+ and PEO in CDROD has a pronounced effect on 
T I ;  (2) a looser polymer-salt interaction, such as that 
responsible for “salting out” in KsS04-PEO-D~0 solu- 
tions, has no apparent effect on TI ;  (3) the salting out 
interaction has a pronounced effect on solution vis- 
cosity. Complex formation may also affect polymer 
viscosity, but it is difficult to separate its influence 
from the salting-out process. 

Of the above, only the relationship between salting 
out, TI ,  and polymer viscosity merits further comment, 
or speculation-for it is, of course, extremely specula- 
tive to  infer anything of a general nature from such 
meager knowledge. It may be somewhat difficult to 
understand how salting out can have such a pronounced 
effect on  viscosity, and yet have no observable influence 
on  Tl. The answer, we feel, is that 7 and Tl are basi- 
cally sensitive to  different things, although both measure 
transport properties of polymers. It is well estab- 
lished’,? that nuclear relaxation of PEO in solution is 
mainly controlled by segmental rotameric transitions. 
For example, Tl is influenced by the rates at which 
local trans-truns-[runs, trans-gciuclie-truns, and other 
sequences interconvert. By altering these rates, 
through the introduction of a complexing agent like K+, 
one produces changes in TI .  On the other hand, the 
viscosity of a polymer solution is governed primarily 
by polymer dimensions. Polymer dimensions can be 
theoretically expressed in terms of the numbers of 
tr~ins-gauche-trans, truns-trcins-truns sequences, etc. ; 
and the way these sequences are arranged relative to 
one another along the macromolecular chain. Polymer 
dimensions d o  not reflect sequence interconversion rates 
directly although to be sure the equilibrium probability 
of each sequence is determined by the relative rates of 
transfer into, and out of, that local configuration. The 
present results suggest that addition of neutral salts to 
polymer solutions causes slight variations in. the prob- 
abilities in these local sequences, or in their order along 
the chain. These changes need not be large to reduce 
the macroscopic chain dimensions, and lower the poly- 
mer viscosity. We can only speculate that any con- 
current variations in the rates of rotameric transitions 
are too small to be detected in our TI measurements. 
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ABSTRACT: High resolution 220-MHz pmr spectra of a number of poly(methy1 methacrylates) having grossly 
different tacticities have been measured on chlorobenzene solutions at 120‘. The resonances associated with 
different tetrad and pentad configurational sequences have been resolved and identified. Broadening of the tetrad 
methylene and pentad a-methyl resonances, attributed to hexad and septad sequence effects, limits the reliability of 
tetrad and pentad distribution estimates. Nevertheless, more complete characterizations of stereoregularity and 
tests of statistical models for stereoregular polymerization are facilitated. 

ince the discovery of configurational sequence (tactic The increased resolution and sensitivity of nmr spec- S placement) effects on  the 40-MHz pmr spectra of trometers operating at  higher frequencies improved the 
poly(methy1 methacrylates) by Bovey and Tiers, nmr ability to measure triad placements in PMMA, but the 
spectroscopy has been applied extensively to  the unexpectedly complex fine structure in the methylene 
characterization of PMMA and other vinyl polymers.* region led to some difficulty in interpretation and 

analysis of dyad effects. This difficulty was correctly 
attributed by some workers to tetrad effects. Partial 
resolution of the tetrad methylene resonances3, and de- 

( I ) .  F. A.  Bovey and G. V. D. Tiers, J .  Poljmr. Sci., 44, 173 
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