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ABSTRACT: Chain dynamics in coronas of ionomer aggregates, or the areas surrounding the ionic cores, 
is reported at the segmental level for poly(styrene- b-sodium acrylate) reverse micelles and for sodium carboxylate 
terminated polystyrene aggregates in CC&, on the basis of 2H NMR measurements. In the synthesis of the 
ionomers, a short 2H-labeled styrene block (ca. 3 units) was incorporated into each polystyrene chain. The 
distances between the 2H-labeled segments and the ionic cores were controlled by the number of styrene units 
separating the 2H-labeled segments from the nonionic-ionic block junctions. NMR line width, signal intensity, 
and relaxation times of the block ionomers and their nonionic precursors clearly indicate that the mobility 
of the soluble segments near the ionic cores is reduced dramatically. At a distance of 25 repeat units from 
the nonionic-ionic block junctions, the mobility is still significantly lower than that in single chains, while 
at a distance of 50 repeat units from the nonionic-ionic block junction, the mobility is essentially the same 
as that in the single chains. Even for sodium carboxylate terminated polystyrene, where there is only a single 
ionic group, the 2H-labeled styrene segments 14 repeat units away from the nonionic-ionic block junction 
are still subject to the restriction in mobility imposed by the ionic association. 2H-labeled ionomers with the 
same styrene block but different lengths of ionic blocks were also examined; it was found that the longer the 
ionic block, the slower the motion in the coronas, but the effect becomes less dependent on the ionic block 
length when the ionic blocks are longer than 6 repeat units. Relaxation data were also obtained at three 
frequencies (76.75, 46.05, and 30.7 MHz) and at multiple temperatures for (PS)92-b-(PS-ds)r.a-b-(PS)17-b- 
(PANa)ls and interpreted by use of the log x 2  distribution model. The results of the present study support 
the recently proposed restricted mobility model by Eisenberg, Hird, and Moore for random ionomers, assuming 
that the effect of ionic association on chain dynamics in polymer melt and in polymer solution is similar in 
trend. 

1. Introduction 
When a block copolymer is dissolved in a solvent 

selectively poor for one of the blocks, the pair interaction 
between segments of the insoluble block is attractive and 
the block adopts a collapsed conformation, while for the 
soluble block, the pair interaction between segments is 
repulsive and the coil dimension of the block tends to 
expand. As the block copolymer concentration reaches 
the critical micelle concentration (CMC), micelles are 
formed as a result of the intermolecular association 
between the insoluble blocks. The micellization phenom- 
enon of block copolymers in solutions has been the subject 
of many studies in recent years, and a number of reviews 
have also 

For block copolymers with relatively short insoluble 
blocks, spherical micelles are usually observed, with the 
insoluble blocks in the cores and the soluble blocks in the 
coronas. Dynamics in micellar cores has been probed by 
NMR,8-11 ESR,I2 and fluorescence techniques.13-15 The 
micellar cores may be glassy, crystalline, or liquidlike, 
depending on the segments constituting the insoluble 
block, the solvent used, and the temperature. The soluble 
block near the micellar cores is considerably more stretched 
than free chains of equivalent chain lengths.2 The soluble 
block in the corona, or the area surrounding the micellar 
core, has also been modeled by Gast et al. as a string of 
blobs with increasing block size at longer radial distances, 
suggesting higher segment concentration near the inter- 
face.'6J7 However, no systematic studies have been 
reported on the dynamics of the soluble block a t  the 
segmental level. It is of great interest to understand the 
effect of micellization on the dynamics of the soluble 
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 segment^,^ especially as a function of the distance from 
the interface. 

In recent years, ion-containing block copolymer micelles 
have received considerable a t t e n t i ~ n . ~ J ~ J ~ ~ ~  In the cases 
of block ionomers, where the shorter blocks are ionic, 
reverse micelles are formed in organic solvents with low 
p o l a r i t i e ~ , ~ ~ ~ ~  with the ionic blocks in the cores. For poly- 
(styrene-b-sodium methacrylate) micelles in toluene, the 
ionic cores are generally solidlike; however, upon the 
addition of water, the micellar cores are swollen and 
become liquidlike, as shown in 'H, 2H, 23Na, and 170 NMR 
 measurement^.^^,^' In contrast to the studies on dynamics 
in the ionic cores, no investigations have been reported on 
mobilities of the soluble blocks in the coronas of ionomer 
micelles. In the present paper, therefore, the dynamics 
in the corona region is explored for poly(styrene-b-sodium 
acrylate) in carbon tetrachloride, probed by 2H NMR. 2H- 
labeled styrene segments are located a t  different distances 
from the nonionic-ionic block junction. 

The understanding of the dynamics of the soluble blocks 
in block ionomers is also of importance in the fundamental 
studies of random i o n o m e r ~ . ~ U ~  It was proposed recently 
by Eisenberg, Hird, and Moore35 that the existence of ion 
pair multiplets in random ionomers reduces the mobility 
of the polymer chains in their vicinity. As the ion content 
is increased, the regions of the restricted mobility sur- 
rounding each multiplet overlap to form larger continuous 
regions, resulting in phase-separated behavior. This model 
provides a satisfactory account for both the dynamic 
mechanical and the X-ray scattering results. However, 
no direct observation of the effect of multiplet formation 
on the mobility of polymer segments in the vicinity of the 
multiplets has been reported. In the present study, 2H- 
labeled block ionomers with only one ionic unit, i.e., sodium 
carboxylate terminated polystryene ionomers, are also 
investigated, which provides direct information on the 
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effect of association of ion pairs on the mobility of polymer 
segments. 

The study of mobility in coronas of block copolymer 
micelles may shed some light on other tethered chain 
systems.2 Molecular dynamics simulations on highly 
branched  polymer^^^,^^ and d e n d r i m e r ~ ~ ~ s ~ ~  have been 
carried out. An interesting comparison can be made 
between the present block copolymer systems and the star 
copolymer systems studied by Daoud and Cotton40 and 
by Fetters et In SANS studies of six-armed 
polystyrene star block copolymers with deuterated poly- 
styrene blocks either near the core or a t  the extremities 
of each arm, it was found that for the star copolymers in 
toluene, the chains near the cores are somewhat extended 
due to steric repulsion, but sufficient flexibility is present 
for the ends of the star arms to behave as random coils.44 
Chain dynamics in poly(amido amine) dendrimers were 
reported by Meltzer et al., on the basis of l3C and 2H NMR 
 measurement^.^^^^^ It  was concluded that the chain 
dynamics is insensitive to any possible steric clouding 
occurring a t  the molecular surface and that the mobility 
at interior chain positions decreases with increasing 
molecular size. However, for dendrimers of the same 
molecular weight, no dependence of mobility on position 
along the chain was observed when the 2H-labeled segments 
were located in the interior. In the studies of grafted and 
adsorbed polymers on solid surfaces, volume fraction 
profiles have been obtained either theoretically or 
e ~ p e r i m e n t a l l y . ~ ~ ~  NMR has been used to determine 
the fraction of polymers bound to the solid s u r f a ~ e . ~ ! ~ ~  
The highly mobile tails/loops contribute to a “narrow” 
NMR line, while those segments in trains or near the 
surface display a “broad” line. 

I t  has also been demonstrated in the studies of surfac- 
tants that NMR is a powerful and nonintrusive technique 
in probing molecular dynamics in colloidal ~ystems.5~ 
Reverse micelles of Aerosol OT (AOT) were studied by 
use of 13C NMR in nonpolar s01vents,5~~~~ and the relaxation 
data were interpreted either in terms of effective isotropic 
reorientation correlation times or by using the two-step 
model of Wennerstrom et al.54 The mobility of the 
segments was found to increase gradually from the ionic 
head group to the terminal methyl group. This approach 
using 13C NMR cannot be applied to block ionomers 
systems since different segments in a polymer chain cannot 
be resolved. 

The structure of the block ionomers used in the present 
study is shown as follows: 
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0.0 3.4 74 7.5 
50 5.0 50 12.5 
55 2.8 25 9.0 
74 3.2 20 10.0 
92 4.5 17 15.0 
77 3.5 10.8 10.5 
85 4.1 0.0 9.0 
61 2.9 14 3.3 
61 2.9 14 6.4 
61 2.9 14 14.0 

50 2.5 0.0 1.0 
28 2.7 28 1.0 
61 2.9 14 1.0 

Block Ionomer 

Sodium Carboxylate Terminated Polystyrene 

where PS, PS-ds, PANa, and COONa stand for polysty- 
rene, perdeuterated polystyrene, poly(sodium acrylate), 
and sodium carboxylate, respectively, and j ,  I t ,  m, and n 

Chain Dynamics in Coronas of Ionomer Aggregates 795 

represent the numbers of repeat units in these blocks. 
The location of the perdeuterated polystyrene block varies 
from right next to the ionic block ( m  = 0) to the end of 
the polystyrene block (J’ = 0); thus, the molecular dynamics 
of the block ionomer micelles can be probed on a segmental 
level at varying distances from the ionic core. The effect 
of ionic block length on the mobility of segments in the 
coronas is also investigated; the number of ionic repeat 
units ranges from 1 (in sodium carboxylate terminated 
polystyrene) to 15. For (PS)92-b-(PS-C18)4.5-b-(PS)17’b. 
(PANaIl5 and its nonionic precursor (PS)92-b-(PS-d8)4.5- 
b-(PS)1+(PtBuA)15, 2H spin-lattice relaxation measure- 
ments were also carried out a t  multiple field and a t  a 
number of temperatures. 

Theory 
The relaxation of quadrupolar nuclei, such as 2H ( I  = 

11, is generally determined by quadrupolar interaction, 
and thus their relaxation times are directly related to the 
mobility. The 2H spin-lattice and spin-spin relaxation 
times are given by55 

where x is the deuterium quadrupolar coupling constant, 
which has been determined from the solid state spectra 
to be 166 kHz for the samples used in the present study, 
and J(w) is the spectral density function and is defined, 
for simple isotropic systems, as55~56 

(3) 
wo is the Larmor frequency (w, = 27rv0), and T is the 
correlation time for molecular tumbling. 

For a simple molecule in solution, its tumbling can 
generally be described by such a single correlation time. 
However, for macromolecules, more than one type of 
motion may be in~olved.~~-65 By use of eqs 1-3, an effective 
correlation time is obtained which provides information 
on the average of molecular motions. However, this model 
may not be able to account for the relaxation data obtained 
a t  multiple frequencies. 

In order to interpret the multiple frequency NMR 
relaxation data of polymers in solutions, it  was proposed 
that the segments of polymers in solution undergo many 
types of isotropic motion with different rates and thus the 
correlation function is better described by a broad 
distribution of correlation times instead of just a single 
one.66 One successful model was proposed by Schaefer,@ 
based on a log x2 density function, which describes a broad 
asymmetric distribution of correlation times. In this 
model, the spectral density is given by 

J ( w )  = 7/(1 4- ~ ‘ 7 ~ )  

where T~ is the average correlation time and F(s)  is the 
distribution function 

~ ( s )  = pr(p)-l(ps)p-l exp(-ps) (5) 
p is an adjustable parameter which defines the width of 
the distribution of correlation times; the larger thep,  the 
narrower the distribution. When the distribution is very 
narrow, p > 100, this model is essentially identical to the 
single correlation time model. r(p) is the gamma function 
of p and serves as a normalization factor. The logarithmic 
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Table 1. Compositions and Molecular Weight Distributions 
of the 2H-Labeled Block Copolymers Used 10' 
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Figure 1. Dependence of spin-lattice and spin-spin relaxation 
times on the average correlation time of the log x2 model (70) and 
the rotational correlation time of the single correlation time model 
(7) .  

time scale s is defined as 

S = log, [1 + ( b  - 1)T/ ro ]  (6) 
The logarithmic base b is also an adjustable parameter 
but is normally fixed at 1000.66 

The variations of 2H NMR TI  and T2 at 76.75 MHz with 
correlation times in the single correlation time model (7) 

and the log x2 model (TO,  p = 10) are given in Figure 1. 
Clearly, T1 is a rather complex function of correlation times, 
while T2 increases monotonically with an increase in 
mobility. The relationship between the line width and 
the apparent spin-spin relaxation time, T2*, can be 
expressed as 

T2* = l / (TAv1/2)  
where Av1/2 is the line width at half-height. 

Experimental Section 
Materials. Perdeuterated styrene monomers (Cambridge 

Isotope Inc.) were purified by mixing with calcium hydride for 
24 h and distilling under vacuum and stored under nitrogen at 
-20 OC. In order to reduce the loss during the purification process, 
perdeuterated styrene was usually diluted 10 times with toluene. 
Before polymerization, it was further treated with fluorenyl- 
lithium for 15 min and distilled under vacuum. Styrene (Aldrich) 
and a-methylstyrene (Aldrich) were also purified using the above 
method. The purification procedures of tert-butyl acrylate 
(Aldrich), tetrahydrofuran, toluene, sec-butyllithium (Aldrich), 
and LiCl (Aldrich) were the same as described pre~iously.~~ In 
the preparation of carboxylic acid terminated polystyrene, carbon 
dioxide gas (Matheson, high purity) was used directly without 
purification. 

Synthesis of 2H-Labeled Block Copolymers. The styrene, 
perdeuterated styrene, and tert-butyl acrylate block copolymers 
were prepared by the anionic polymerization technique.23~67 LiCl 
was first introduced into a previously flamed glass reactor under 
nitrogen, followed by THF. After the LiCl was dissolved, the 
solution was cooled to -20 "C, a-methylstyrene and the initiator 
sec-butyllithium were added. The solution was further cooled 
to -78 OC by dry ice/acetone before the polymerization and then 
the purified styrene, perdeuterated styrene (10% v/v solution in 
toluene), styrene, and tert-butyl acrylate monomers were intro- 
duced sequentially, allowing several minutes for reaction between 
each addition. In the preparation of carboxylic acid terminated 
ionomers, carbon dioxide was used instead of tert-butyl acrylate. 
The transfers of these materials to the flask were carried out by 

compositions MJM, 
1.08 
1.08 
1.05 
1.05 
1.07 
1.07 
1.09 
1.09 
1.10 
1.10 
1.05 
1.05 
1.09 
1.09 
1.10 
1.10 
1.07 
1.07 
1.13 
1.13 
1.13 
1.13 
1.13 

use of a syringe or by capillary techniques. The molecular weight 
and the length of each block were carefully controlled by the 
amount of initiator and monomers added. An aliquot of the 
reaction medium was withdrawn for size exclusion chromatog- 
raphy analysis after the reaction of each block was finished. The 
presence of 5-10 times of excess LiCl was found to be essential 
in producing block copolymers of very narrow molecular weight 
distribution. The above procedure not only allows us to prepare 
poly(styrene-b-sodium acrylate) block copolymers having per- 
deuterated polystyrene segments at different positions along the 
polystyrene blocks but also the block copolymers with exactly 
the same styrene and perdeuterated styrene blocks but different 
lengths of tert-butyl acrylate blocks. The block copolymers were 
recovered by precipitation into methanol and dried under vacuum 
at 80 "C for more than 24 h. The molecular weight and molecular 
weight distribution of the polymers were determined using a 
Varian SEC equipped with a refractometer as detector. 

Hydrolysis and Neutralization. The block copolymers were 
hydrolyzed in toluene to poly (styrene-b-perdeuterated styrene- 
b-styrene-b-acrylic acid), usingp-toluenesulfonic acid as catalyst 
(5 mol % relative to the acrylate content). The solutions were 
heated at reflux overnight. After cooling, the block copolymers 
were precipitated in methanol, washed several times with 
methanol, and then dried v d e r  vacuum at 50 "C for at least 24 
h. Complete hydrolysis was confirmed by FTIR analysis using 
a Perkin-Elmer 16PC instrument. The block copolymers in the 
acid form were converted to the sodium salt form by neutralizing 
the block copolymers in 2% benzene/methanol 90/10 (v/v) 
solutions with excess amounts of NaOH. The methanol was 
stripped off under vacuum, and the polymers were recovered by 
freeze-drying. The materials were further washed with methanol 
to  remove excess NaOH and then dried under vacuum at 70 "C 
for at least 24 h. The compositions and molecular weight 
distributions of the polymers used in the present study are given 
in Table 1. 

NMR Measurements. Clear micellar solutions were prepared 
by dissolving the neutralized block copolymers directly in carbon 
tetrachloride (CCb). CCI, was chosen for the present study since 
there are no deuterium signals from CC& that may interfere with 
those from the block copolymers. CCl, was purchased from ACP 
Chemicals (Spectrograde) and used without further purification. 
Block copolymer solutions, 9.1 % (w/w) (1.0 g of polymer in 10.0 
g of CC14), were used for all the measurements. 

2H NMR spectra were recorded at 46.05 MHz on a Varian 
XL-300 (7.05-T) spectrometer and, to a lesser extent, also at 
30.70 and 76.75 MHz on Varian XL-200 (4.70-T) and Varian 
Unity-500 (11.75-T) spectrometers, respectively. In the mea- 
surements of quantitative 2H NMR spectra, 90" pulses (ca. 8 ps) 
and pulse delays of more than 5T1 were used. For convenience, 
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Figure 2. 2H NMR spectra (46.05 MHz) of (PS)w-b-(PS-d&,- 
(PS)w (a) and (PS)w-b-(PS-ds)a-b-(PS)w-b-(PANa)l~.s (b) in CC4 
(9.1% (w/w)) at 21 OC. 

the aromatic signals were assigned to 0.0 ppm since the present 
study is not based on chemical shift. Spin-lattice relaxation 
times were measured using an inverse-recovery pulse sequence, 
and the line widths were determined by use of a curve fitting 
procedure. All 2'1 values were calculated from peak heights 
obtained at twelve or more different variable delays, using a 
nonlinear two-parameter least-squares fitting procedure. Typ- 
ically, 2000 scans were required to obtain a spectrum. The spin- 
lattice relaxation times are believed to be reproducible to  less 
than *3%. 

Result and Discussion 
Block Ionomers. As discussed in the Theory, the 

interpretation of the NMR spin-spin relaxation rate is 
rather straightforward: the shorter the 2H spin-spin 
relaxation time or the broader the line width, the slower 
the segmental motion. The 2H NMR spectra of (PS)w- 
b- (PS-da)S- (PS) M)- b- (PANa) 12.5 and (PS)50- b- (PS-ci8)s-b- 
(PS)ainCC4 (9.1%, wlw) areshowninFigure2. Itshould 
be stressed that the nonionic segments of the two polymers 
are identical. In the ionomer, the perdeuterated styrene 
units are located 50 styrene units away from the nonionic- 
ionic block junction. The 2H line shape of the block 
ionomer is essentially the same as that of its polystyrene 
precursor. The small difference in signal intensity is due 
to the slightly higher molecular weight of the ionomer 
(both solutions contain9.1% (wlw) polymers). For (PS)w- 
b-(PS-da)&-(PS)50, no micelles are expected to exist in 
the C c 4  solution, while the block ionomer is known to 
form reverse micelles since these have been observed for 
similar block ionomers in CCb, THF, N-methylpyrrolidone 
(NMP), and other s ~ l v e n t s . ~ l - ~ ~  The similarity in line 
shape between the block ionomer and its polystyrene 
precursor indicates that micelle formation has little effect 
on the mobility of the styrene segments 50 units from the 
nonionic-ionic block junction. 

When we move the 2H-labeled styrene units closer to 
the nonionic-ionic block junction, the situation is very 
different. Figure 3 shows the 2H NMR spectra of (PS)74- 
b-(PS-ds)3.2-b-(PS)zo-b-(PANa)lo in CC4 (9.1 5% , w/w). 
Significant line broadening can be observed, indicating 
that in the micelle, the mobility of the styrene groups 20 
units from the nonionic-ionic block junction is slower than 
those 50 units from the nonionic-ionic block junction. In 
order to discount the molecular weight effect, the 2H NMR 
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N 
Figure 4. Variations of signal intensity ratios between the block 
copolymers in the ionic and nonionic forms as a function of the 
number of styrene units between the deuterated segments and 
the nonionic-ionic block junction. The data (0 backbone, 0 
aromatic) were fitted with sigmoidal functions. 

spectrum of the block polymer in the tert-butyl ester form 
(i.e., before hydrolysis) is given in Figure 3 for comparison. 

In the cases where the 2H-labeled styrene units are even 
closer to the nonionic-ionic block junctions, the 2H line 
widths become very broad, and only weak signals can be 
observed. Although the measurements of line widths 
become very difficult for these weak signals, information 
related to the line widths can still be obtained from the 
signal intensities, since they are directly related to the 
line widths: the broader the line width, the lower the signal 
intensity. The 2H NMR intensityratios between the block 
ionomers and their nonionic precursors in the ester or 
polystyrene forms are shown in Figure 4, as a function of 
the number of styrene units between the nonionic-ionic 
block junction and the 2H-labeled styrene units. These 
ratios have been corrected for the molecular weight 
differences between the block ionomers and their nonionic 
precursors, since all the measurements were carried out 
in 9.1% w/w polymer solutions. The decrease in the 
intensity ratio, corresponding to the broadening of the 
line width, indicates a decrease in mobility for the 2H- 
labeled segments. 

The intensity ratio of the 2H-labeled segments in the 
ionic (micellar) form and in the nonionic (single chain) 
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Figure 5. 2H NMR spectra (46.05 MHz) of (PS)%-b-(PS-d&5 
(a) and (PS)%-b-(PS-ds)z.s-COONa (b) in CCld (9.1% (w/w)) at 
21 "C. 

20 10 0 -10 -20 PPIl -30 

form appears to follow the sigmoidal function given in eq 
7. 

where aO, a l ,  and a2 are fitting constants, the values of 
which are 

a0 = 0.95, a2 = 23, a3 = 7.4 
for the aromatic 'H signals 

a0 = 0.93, a2 = 20, a2 = 6.2 
for the backbone 2H signals 

Ii and I ,  are the 2H signal intensities of the block 
copolymers in the ionic (micellar) and nonionic (single 
chain) forms, respectively. N is the number of styrene 
units between the 2H-labeled block and the nonionic-ionic 
block junction. 

I t  is seen from Figure 4 that the associations between 
the ionic blocks in the micellar cores affect the mobility 
of the segments close to the nonionic-ionic block junction 
significantly. The effect of the micellization decreases as 
the number of styrene units between the 2H-labeled 
segments and the nonionic-ionic block junction increases. 
The influence of ionic interactions on mobility is equally 
significant for the motions of the phenyl group and the 
backbone. Our results are consistent with those from the 
SANS coil dimension study of polystyrene star block 
copolymers by Lantman et a1.44 I t  was found that segments 
near the cores are extended by steric exclusion, but those 
close to the ends of the star arms behave like random 
coils.44 

Sodium Carboxylate Terminated Polystyrene. As 
mentioned above, the mobility of the styrene segments is 
highly dependent on the distance from the nonionic-ionic 
block junction. Furthermore, it  is anticipated that the 
chain dynamics would also depend on the length of the 
ionic block. In this section, the special case of ionomers 
with only a single terminal ionic group will be discussed. 
2H NMR spectra of (PS)w-b-(PS-ds)~.b and (PS)5*-b-(PS- 
ds)2.5-COONa in CCl4 (9.1 % , w/w) are shown in Figure 5. 
I t  is obvious that the interactions between the terminal 
ionic groups lead to a substantial line broadening effect. 
The mobility of the 2H-labeled styrene units near the ionic 
groups decreases significantly upon association of the ionic 

lo$ 
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Figure 6. Variations of signal intensity ratios between the sodium 
carboxylate terminated polystyrene and its polystyrene precursor 
as a function of the number of styrene units between the 
deuterated segments and the ionicgroups. The data (0 backbone, 
0 aromatic) were fitted with sigmoidal functions. 

groups. The residual 2H signal in (PS)50-b-(PS-d8)2,5- 
COONa is very likely due to the ionomers in the single 
chain forms. A small amount of (PS)so-b-(PS-ds)2.5 may 
also be present since some of the precursors may have 
been deactivated before they reacted with COz. It  should 
be mentioned that the 2H line widths of (PS)a-b-(PS- 
d&.5 are significantly narrower than those of (PS)w-b- 
(PS-d8)-b'(PS)N shown in Figure 2. This is due to the 
fact that the mobility of the styrene segments near the 
end of the chain is considerably higher than that of styrene 
segments in the center of the chain.68 

The dependence of the intensity ratio of the 2H signals 
from the ionomer and from the polystyrene precursor on 
the number of styrene units between the 2H-labeled 
segments and the terminal ionic groups is given in Figure 
6. Similar to the results presented in Figure 4, acorrection 
for the molecular weight effect has also been applied. The 
relationships between the intensity ratio and the number 
of styrene units separating the 2H-labeled segments from 
the ionic groups can also be fitted to the sigmoidal function 
(eq 5 with a0 = 0.85, a1 = 11.4, and a2 = 4.47 for signals 
from the phenyl group and a0 = 0.92, a1 = 9.6, and a2 = 
5.6 for signals from the backbone). I t  is surprising to 
observe that the association between the single terminal 
ionic groups can reduce the mobility of segments more 
than 20 styrene units away. 

These results have significant implications on the 
fundamental study of random ionomers. It was found 
from dynamic mechanical studies that, for poly(styrene- 
co-sodium methacrylate) and many other random ionomer 
systems, a second loss tangent peak appears a t  ion contents 
as low as ca. 2 mol % , indicating the formation of clusters 
with minimum dimensions of 5-10nm.69 In arecent model 
proposed by Eisenberg, Hird, and the formation 
of clusters was attributed to the overlapping regions of 
restricted mobility surrounding individual multiplets. A t  
ionic contents near 5 mol %, the high Tg cluster region 
becomes dominant, as indicated by the area under the 
second loss tangent peak.69 Based on Figure 6, the mobility 
of the first 10 styrene units from the ionicgroups is reduced 
by a t  least 50 % . It  is thus not surprising that for a random 
polystyrene ionomer above its matrix Tg, the mobilities of 
the styrene segments between two ionic groups are much 
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lower than those of the unfunctionalized polystyrene if 
the distance between two ionic groups is shorter than 20 
styrene units. However, one should bear in mind that the 
multiplet sizes of telechelic ionomers were found to be 
significantly larger than those of random ionomers,7° which 
may affect the mobility in the corona region. Also, the 
effect of ionic interactions at one end of the polystyrene 
chain on the mobility of the styrene segments, as studied 
in the present paper, may be weaker than those of random 
and telechelic ionomers where ionic interactions occur at 
both ends. Nevertheless, the present study does prove 
the existence of a restricted mobility region around the 
ionic multiplets. Although the present results were 
obtained from ionomers in solution, it is anticipated that 
the ionic association has a similar effect on the dynamics 
of nonionic segments in molten state. 

Effect of Ionic Block Length. It  is well-known that 
the aggregation numbers of block copolymer micelles 
depend significantly on the length of the insoluble blocks.2 
This was also found to be true for block ionomer reverse 
micelles.20~21 It  is thus of interest to examine the effect of 
ionic block length on the mobility of 2H-labeled styrene 
segments a t  a certain distance from the nonionic-ionic 
block junction. The 2H NMR spectra of (PS)6l-b-(PS- 
d&.94-(PS)14, (PS)~~-~-(PS-~~)Z.~-~-(PS)~~-COON~), and 
(PS)61-b-(PS-d8)2.9-b-(PS)14-b-(PANa)14 are shown in Fig- 
ure 7. I t  is obvious that the line widths of the 2H-labeled 
styrene segments increase with increasing ionic block 
length. An increase in ionic block length would lead to 
the formation of micelles with larger ionic cores and higher 
aggregation numbers. Both factors are considered to have 
a significant impact on chain dynamics. 

Another possible mechanism responsible for the decrease 
in mobility is the increase in steric repulsion near the ionic 
cores. The theoretical value for the radius of micellar 
cores can be given by2971 

where NB is the number of repeat units in the insoluble 
block, f is the aggregation number of the micelles which 
is known theoretically to be proportional to N B ~ / ~ ,  and a 
is the size of the repeat unit in the insoluble block. 
Therefore, in the micellar cores, the total surface area per 
polymer chain should be proportional to NB'/~, Le., 
theoretically, steric repulsion between the soluble segments 

0.7 I I I I I 1 I 

0.1 1 I I I I I I I 

0 2 4 6 8 10 12 14 16 

Nion 
Figure 8. Dependence of signal intensity ratios between the 
block copolymers in the ionic and nonionic forms as a function 
of the ionic block length (0 backbone, 0 aromatic). 

a t  the surface of the micellar cores should decrease slightly 
as the insoluble block length increases. However, it  is 
also anticipated that the average surface area per chain 
increases with radial distance from the interface, d,  a t  a 
rate of (Reo,, + d)2/Rco,2. The smaller the micellar core, 
the faster the increase in the average surface area per chain. 
Therefore, a t  a certain radial distance from the cores, the 
average surface area per chain may be lower for block 
copolymers with longer insoluble blocks, resulting in higher 
steric repulsion between the soluble blocks of these 
polymers. 

According to the star model, the monomer volume 
fraction of the soluble block a t  a certain distance from the 
micellar center is given by71 

where r is the distance from the micellar center. Since f 
is proportional to N B ~ / ~ ,  the monomer volume fraction of 
the soluble block should increase with increasing insoluble 
block length. The higher segment density may cause lower 
mobility. From these theoretical considerations, it is clear 
that the steric repulsion between the soluble blocks and 
the higher segmental density near the micellar cores may 
play an important role here, in addition to the effect that 
the soluble blocks are attached to heavier micellar cores. 
Blum et have also reported, on the basis of 2H NMR 
studies, that for selectively deuterated poly(styrene-b-2- 
vinylpyridine) adsorbed on silica surface and reswollen 
with toluene, the styrene block is extended to approxi- 
mately 4 times the normal radius of gyration. 

The intensity ratios between the 2H signals from the 
ionomer and those from the polystyrene precursor are given 
in Figure 8 as a function of the ionic block length. I t  is 
of interest to observe that the effect of the ionic block 
length on the intensity ratio is much more pronounced 
when the iorilc block length is short. When the ionic block 
length reaches 6, the intensity ratio becomes less sensitive 
to the ionic block length. This result clearly justifies the 
presentation in Figure 4 where the ionic block lengths 
range from 6 to 15. 

Analysis of Relaxation Data. The spin-lattice re- 
laxation times of a number of 2H-labeled block ionomers 
and their nonionic precursors were measured at 46.05 MHz 
(7.05 T) in C C 4  solutions (9.1%, w/w), and the results are 
given in Table 2. For all the nonionic precursors, the spin- 
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Table 2. Spin-Lattice Relaxation Times Measured at 46.05 
MHz (7.05 T) (22 + 1 "C) and Rotational Correlation Times 

from the Single Correlation Time Model 
aromatic 

TI, 7, 
ms ns 
4.93 8.8 
3.78 6.2 
4.39 7.6 
4.58 8.0 
4.82 8.6 
4.90 8.7 
3.80 6.3 
4.35 7.5 
3.95 6.6 
3.79 6.3 
4.19 7.2 
3.78 6.3 
4.02 6.8 

aliphatic 

TI, 7, 
ms ns 

4.93 8.8 
3.90 6.5 
4.39 7.6 
4.67 8.2 
4.84 8.6 
4.90 8.7 
3.98 6.7 
4.35 7.5 
3.92 6.6 
3.91 6.5 
4.19 7.2 
3.87 6.5 
4.05 6.9 

lattice relaxation times are close to 3.90 ms, while for the 
block ionomers, the spin-lattice relaxation times range 
from ca. 4.35 to ca. 4.90 ms, depending on the number of 
styrene units between the 2H-labeled segments and the 
nonionic-ionic block junctions and the number of sodium 
acrylate units in the ionic blocks. The closer the 2H-labeled 
segments to the nonionic-ionic block junction, or the longer 
the ionic block, the longer the TI.  However, the TI of the 
block ionomers levels off a t  ca. 4.90 ms. Similar TI values 
were obtained for (PS)~-~-(PS-~S)~.~-~-(PS)~~-COON~ and 
(PS)74-b-(PS-dg)3.2-b-(PS)20-b-(PANa)~~, indicating that 
the mobilities of the 2H-labeled segments are quite similar 
in these two block ionomer micelles. These results are in 

correlation time model (eq 1-3). The longer correlation 
times were obtained since the T1 values at 20-30 "C 
decrease with increasing temperature (see below). 

Multiple-frequency and multiple-temperature relax- 
ation studies were carried out for (PS)gz-b-(PS-dg)4.5-b- 
(PS)17-b-(PtB~A)15 and (PS)92-b-(PS-d~)4.5-b-(PS)17.b. 
(PANa)l5 only (Tables 3 and 4). Their spin-lattice 
relaxation times at 76.75 and 30.7 MHz were measured at 
21, 30, 40, 50, 60, and 70 "C (Table 3). The line widths 
at 76.75 MHz were determined by fitting the spectra with 
two or more Lorentzian functions. The relationship 
between spin-spin relaxation times and the line width 
may not be as simple as that given in eq 8 since the line 
width of a polymer may be affected by the microstructure 
of the polymer. Nevertheless, the difference in line width 
between the block ionomers and their ester precursors 
can only be attributed to the change in spin-spin relaxation 
time since the taticities of these two polymers are exactly 
the same. 

The 2H NMR spectrum of (PS)g2-b-(PS-ds)4.5-b-(PS)17- 
b-(PtBuA)lb at 75.76 MHz can be fitted with two Lorent- 
zian functions (Figure 9), corresponding to the aromatic 
and the aliphatic deuterons. On the other hand, two 
Lorentzian functions are not adequate in fitting the (PS)92- 
b-(PS-dg)4.5-b-(PS)17-b- (PANa)l5 block ionomer spectrum. 
A third Lorentzian function is needed to account for the 
broad component (Figure 10). The line widths obtained 
from the curve fitting procedure are also given in Table 
3. These results clearly indicate that upon the micelle 
formation, a large fraction of the 2H-labeled segments 

very good agreement with those presented in Figures 4 
and 6, based on the measurements of signal intensity. 
Effective correlation times of these block copolymers are 
given in Table 2, which were calculated by use of the single 

become less mobile. At  21 "C, the less mobile fraction 
accounts for 84% of the total signal, but this fraction 
decreases with increasing temperature, and at 70 "C, 56% 
of the signal belongs to the less mobile fraction. 

Table 3. 2H Relaxation Data for (PS)sz-b-(PS-ds),.5-b-(PS)17.b-(PtBuA)~~ measured at 76.75 MHz (11.75 T) and 
30.70 MHz (4.70 T) 

temp, TI (11.75 T), ms T1 (11.75 T), ms Av1/2(11.75 T), Hz h1/2(11.75 T), Hz Tl(4.70 T), ms Tl(4.70 T), ms 
" C  aromatic aliphatic aromatic aliphatic aromatic aliphatic 

21 6.57 6.65 170 154 2.84 2.84 
30 6.40 6.53 143 134 2.80 2.80 
40 6.43 6.50 123 109 3.28 2.88 
50 6.68 6.62 105 97.8 3.79 3.66 
60 6.98 6.99 94.5 90.1 4.35 4.20 
70 7.52 7.45 85.2 82.0 4.91 4.76 

Table 4. Relaxation Data for (PS)gz-b-(PS-d8)4.5-b(PS)17-b(PANa)1~ Measured at 76.75 MHz (11.75 T) and 30.7 MHz (4.70 T) 
temp, Tl(11.75 T), me Tl(11.75 T), ms Avlp(11.75 T), Hz Av1p(11.75 T), Hz Avlp(11.75 T), Hz Tl(4.70 T), ms Tl(4.70 T), ms 

" C  aromatic aliphatic aromatic aliphatic broad component aromatic aliphatic 

21 7.96 8.04 166 (9%)a 189 (7 % )" 1309 (84% )" 3.10b 3.10b 
30 7.76 7.69 185 (13%) 169 (7 % ) 1309 (80%) 3.00 3.00 
40 7.57 7.69 183 (16%) 170 (9%) 1242 (75%) 3.05 3.05 
50 7.50 7.65 184 (21 %) 165 (12%) 1201 (67 % ) 3.35 3.16 
60 7.57 7.43 162 (23%) 164 (15%) 1137 (62%) 3.75 3.64 
70 7.75 7.59 157 (27%) 149 (17%) 1173 (56%) 4.28 4.03 
a The values given in parentheses are the weight fractions of the components, obtained from a least-squares fitting of Lorentzian functions; 

see Figure 6. b A t  4.70 T, the 2H signals from aromatic and aliphatic segments cannot be resolved a t  low temperatures. 

Table 5. Correlation Times and Width Parameter ( p )  for (PS)sr-b-(PS-d8)4a-b-((PS)17-b-(PtBuA)ls and 
(PS)~~-B(PS-Q)~~-~-(PS)I~~(PAN~)~~ in CC14, Based on the Log xz Distribution Model 

(PS)gz-b-(PS-ds)s.s-b-(PS)i7-b-(PtBuA)is (PS)~~-~-(PS-~S)~.S-~-(PS)~~-~-(PAN~)~S 
aromatic aliphatic aromatic aliphatic 

temn "C Tn. ns D 70. ns P Tn. ns D in, ns P 

2 1  1.7 21 1.7 21 3.8 1 2  4.0 12  
30 1.5 23 1.5 22 3.2 13 3.1 13 
40 1.0 24 1.3 23 2.6 13 2.6 13 
50 0.66 27 0.72 25 1.6 13 1.7 13 
60 0.50 30 0.51 29 0.94 14 1.1 14 
70 0.39 31 0.42 30 0.58 17 0.64 17 
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Figure 9. 2H NMR spectrum (76.75 MHz) of (PS)92-b-(PS-d+- 
b-(PS)&(PtBUA)lS in CCL (9.1% (w/w)) at 21 "C, fitted with 
Lorentzian functions. 

Figure 10. 2H NMR spectrum (76.75 MHz) of (PS)gz-b-(PS- 
da)r.s-b-(PS)1,-b-(PANa)l5 in CCl, (9.1% (w/w)) at 21 "C, fitted 
with Lorentzian functions. 

The spin-lattice relaxation times of (PS)g~-b-(PS-d8)4.5- 
b- (PSI 17- b- (P tBuA) 15 and (PS)92- b- (PS-da)4.5- b- (PS) 17- b- 
(PANa)15 were interpreted by use of the log x2 model and 
the results are given in Table 5. As the temperature 
increases, the mobility of 2H-labeled segments is expected 
to increase. For both polymer systems, the rotational 
correlation time, 70, indeed decreases and the p value, 
which describes the width of the distribution of correlation 
times, increases with increasing temperature. In contrast, 
going from the nonionic precursor (PS)g~-b-(PS-ds)4.5-b- 
(PS)+(PtBuA)15 to the block ionomer (PS)gz-b-(PS- 
da)4.5-b-(PS)17-b-(PANa)15, the rotational correlation times 
increase and the p values decrease significantly a t  the 
temperature range studied, indicating slower motion in 
the block ionomer micelles. The spin-lattice relaxation 
data are consistent with the discussion of the previous 
sections based on line width and signal intensity. 

Conclusions 
The mobility of the soluble blocks in the coronas of 

poly(styrene-b-sodium acrylate) block ionomer micelles 
was probed at the segmentallevel by2H NMR. 2H-labeled 
styrene segments (3-5 repeat units) were positioned a t  0, 
11, 14, 17, 20, 25, 50, and 74 styrene repeat units away 
from the nonionic-ionic block junction. It was found that 
the mobility of 2H-labeled styrene segments close to the 
micellar cores is reduced significantly. The effect of 
micellization on mobility decreases as the distance between 
the 2H-labeled styrene segments and the nonionic-ionic 
block junction increases. Styrene segments 20 repeat units 
away from the nonionic-ionic block junction can still "feel" 
the restriction imposed by the ionic cores. However, this 
restriction disappears completely when PS segments are 
50 repeat units away from the nonionic-ionic block 
junction. 
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The effect of ionic interaction on mobility in sodium 
carboxylate terminated polystyrene ionomers was also 
investigated. The dependence of mobility on the distance 
between the ionic groups and the 2H-labeled segments is 
similar to that of block ionomers. I t  is of special interest 
to observe that the presence of only one terminal ionic 
group can impose restriction on the dynamics of 2H-labeled 
styrene located 14 repeat units away from the point of 
attachment. I t  is anticipated that for the soluble blocks 
in ionomer solution and the nonionic segments in ionomer 
above its matrix Tg, the effect of ionic association on chain 
dynamics is similar in trend. Thus, the present result is 
in support of the recent ionomer model proposed by 
Eisenberg, Hird, and Moore, which is basedon the mobility 
reduction in the vicinity of ionic 

The length of the ionic block was also found to have a 
substantial effect on the dynamics of the soluble segments, 
especially when the ionic block is shorter than 6 sodium 
acrylate units. When the ionic block length is longer than 
6 sodium acrylate units, this effect on the 2H-labeled 
styrene segments 14 repeat units away become less 
significant. Spin-lattice relaxation times a t  multiple fields 
and multiple temperatures were also measured for (Ps)92' 

b-(PS)1+(PANa)ls, and the results were interpreted by 
means of the log x2 distribution model. Compared to the 
nonionic precursor, the average correlation time of the 
ionomer is much longer and the distribution of correlation 
times is broader. 

Added in Proof: The collective dynamics of tethered 
chains was investigated recently by Farago et al. for 
polystyrene (PS)-polyisoprene (PI) diblock copolymers 
in n-decane, using neutron spin-echo spec t ro~copy.~~ It 
was found that the dynamic response from PI  single chains 
in dilute solution is completely different from that of the 
PI chains within the corona. This was explained using a 
model based on the idea of de Gennes for treating the 
corona as a semidilute polymer solution with varying 
concentration profile. 

b- (PS-da)4.5-b-(PS)17-b-(P tBuA)l5 and (PS)92'b'(PS'd8)4.6' 
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