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ABSTRACT: An analysis of carbon-13 chemical shift anisotropy (CSA) line shapes at two field strengths 
is carried out to probe the detailed nature of phenylene ring dynamics in the glassy polycarbonate of bisphenol 
A. The phenylene group in this polymer undergoes two types of motion simultaneously, both about the CICl 
axis. The primary motion is large-angle jumps between two sites whereas the secondary motion involves restricted 
rotational diffusion over limited angular amplitude. In the first category, the jumps from one minimum to 
the second occur over an angular range around each minimum associated with the range of restricted rotation. 
A simultaneous model with an inhomogeneous distribution of correlation times appears to be the best description 
for the composite motional process. The inhomogeneous distribution is described by a Williams-Watts fractional 
exponential correlation function and corresponds to a distribution of rates corresponding to different spatial 
positions in the polymer matrix. The correlation function is described by T ~ ,  the central correlation time, 
and a, the breadth parameter for the distribution. An apparent activation energy of 50 kJ/mol, found by 
an Arrhenius analysis of T;S, is in agreement with the values obtained from a relaxation map constructed 
from rates for proton relaxation minima, CSA line-shape collapse, dielectric loss maxima, and dynamic mechanical 
loss maxima. A value of 0.154 for the fractional exponent indicates a broad distribution of jump rates for 
polycarbonate and is consistent with defect diffusion past a distribution of barrier heights. Such diffusion 
has been proposed as the basic process behind the jumps in a motional model involving conformational 
interchange between a defect cis-trans conformation of the carbonate unit and neighboring trans-trans 
conformations. 

Introduction 
NMR line-shape experiments's2 have recently yielded 

new insights into the dynamics of the polycarbonates of 
bisphenol A (BPA-PC). To date, the solid-state NMR 
line-shape experiments1i2 have defined the geometry of the 
dominant motions in this polymer, which supplemented 
the frequency information supplied by dielectric3 and 
dynamic mechanical4 experiments. The two major mo- 
tional processes are (i) restricted rotational diffusion over 
limited angular amplitude around the C1C4 axis and (ii) 
ir flips between two potential minima around the same 
axis, with the ir flips constituting the primary motion. This 
geometric information has led to a new motional proposal5 
which attempts to reconcile NMR, dielectric, and dynamic 
mechanical data. To  date, the analysis of the temporal 
aspects of the NMR line-shape data has been somewhat 
simplistic and incomplete. In this paper, new data are 
added and a more rigorous interpretation is pursued to 
improve the description of the time scale of motion as seen 
through NMR line shapes. 

To review the situation at  hand, first consider the 
chemical shift anisotropy (CSA) study,l which suffers from 
an interpretational inadequacy since the two important 
motions were treated sequentially. The secondary motion 
was treated first since it  was always assumed to be in the 
rapid limit. A single-exponential correlation time with an 
Arrhenius form is then employed to account for the tem- 
perature dependence of the P flips.'t6 The effects of the 
secondary motion were combined with the primary motion 
by using partially averaged parameters as the input basis 
for the primary motion. Problems were encountered with 
the simulation of the spectrum at  0 "C, the temperature 
a t  which both processes make comparable contributions 
to the line-shape narrowing. At this temperature, the 
maximum intensity of the theoretical line shape is dis- 
placed from the observed one.' 
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To avoid this difficulty, a new model7 which allows for 
simultaneous treatment of both motions has been applied 
to the same set of CSA data. The problem in fitting the 
0 "C data in the sequential treatment disappears in this 
simultaneous treatment. The interpretation for primary 
motion is also changed in the sense that in the simulta- 
neous treatment jumps over a limited range around each 
minimum are allowed in addition to exact ir flips. The 
simultaneous treatment also yields a more reasonable 
temperature dependence for the apparent simple harmonic 
nature of the secondary motion. However, one problem 
reported in the earlier CSA paper1 still remains unad- 
dressed. 

The earlier CSA data at 22.6-MHz field strength were 
analyzed on the basis of a single-exponential correlation 
function. The Arrhenius analysis of the correlation times 
yielded an apparent activation energy of 11 kJ/mol. The 
simultaneous treatment activation energy is 26 kJ/mol. 
The earlier CSA report' also showed an activation energy 
of 48 kJ/mol, obtained from a linear least-squares analysis 
of a relaxation map which included spin-lattice relaxation 
data, dielectric data, and dynamic mechanical data. The 
phenylene proton T, and T1, data presented in the same 
earlier report could only be analyzed on the basis of a 
broad distribution of exponential correlation times, which 
corresponds to a fractional exponential correlation function 
with an exponent near 0.18. Thus there is a great deal of 
discrepancy between activation energies from two sets of 
analyses: 11 vs. 48 kJ/mol and the use of a single expo- 
nential vs. a broad distribution. The discrepancy points 
to the inadequacy of the kinetic treatment used for the 
line-shape data and is an indication of the existence of a 
distribution of correlation times in the dynamics. The 
simultaneous value of 26 kJ/mol is probably an im- 
provement but hardly a total resolution. The earlier CSA 
data a t  22.6 MHz represented a limited data set and as 

0 1986 American Chemical Society 



Macromolecules, Vol. 19, No. 5, 1986 

such it did not warrant use of a correlation function based 
on a distribution of correlation times. It is, therefore, 
necessary that the CSA data base be expanded by ac- 
quiring line shapes at  another field, preferably a higher 
one, and that a detailed analysis be carried out in order 
to reach a better agreement between different data seta. 

The Ngai formalismgl0 for the stretched exponential 
correlation function used in the earlier Tl and Tlp analyses' 
assumes a homogeneous distribution of correlation times 
where each phenylene group motion follows essentially the 
same nonexponential decaying process as opposed to an 
inhomogeneous distribution where spatially separated 
groups reorient with different time constants. In the case 
of proton Tl and TlP data, the presence of an efficient 
spin-diffusion mechanism removes the difference between 
the two types of distributions. This is however not the case 
with carbon-13 Tl and Tlp data, where a TI dispersion can 
be observed because of weak spin diffusion. A dispersion 
of spin-lattice relaxation times, in general, indicates the 
presence of an inhomogeneous distribution, and phenylene 
carbon-13 Tlp dispersions were observed by Schaefer et al." 
for BPA-PC. Line-shape studies offer the possibility of 
confirming this characteristic of the correlation function.12 
Deuterium NMR2 has already shown promise in this di- 
rection, although a detailed analysis is not yet available. 
In this context, it  appears that if the existing CSA data 
base at  22.6 MHz is augmented by adding data at a higher 
field where changes in line-shape features are more pro- 
nounced, it might be possible to quantitatively distinguish 
between a single exponential and a distribution, and in the 
case of a distribution, between inhomogeneous and ho- 
mogeneous.12 
Experimental Section 

The same BPA-PC sample with single-site carbon-13 enrich- 
ment (<go%) at one of the two phenylene carbons ortho to the 
carbonate is employed here as was used in an earlier study.' The 
FID's were acquired by using a single pulse with high-power 
decoupling on a Bruker WM-250 with the Doty solids accessory. 
A sufficient number of scans were taken at each temperature to 
ensure a good signal-to-noise ratio. The Fourier-transformed 
spectra are corrected for a contribution from the background, by 
using a subtraction scheme; Le., spectra for the blank probe were 
obtained under the same conditions, using the same number of 
scans, and subtracted from the uncorrected spectra. The corrected 
line shapes at different temperatures were assigned a standard 
reference following the approach outlined bef0re.l CSA line shapes 
at 62.9 MHz are shown in Figure 1 as a function of temperature. 
The CSA data on 22.6 MHz are reported in ref 1. 

Interpretation 
The principal axis system for the CSA tensor of aromatic 

carbons, as reported for benzene,13 is oriented with the ull 
axis parallel to the C-H bond and the u33 axis perpendi- 
cular to the ring plane. The uZ2 axis is in the ring plane 
perpendicular to the C-H bond. Low-temperature (less 
than -140 "C) line shapes at  both frequencies were then 
matched with theoretical spectra generated on the basis 
of the Bloembergen-Rowland e q ~ a t i 0 n . l ~  The principal 
shielding tensor values used to obtain fits a t  both fre- 
quencies are ull = -15, uZ2 = 51, and u33 = 171 ppm on the 
CS2 scale. These values are in good agreement with the 
ones reported earlier.' These principal values lead to an 
isotropic chemical shift of 69 ppm, which compares fa- 
vorably with the observed chemical shift in solution of 72.5 
PPm. 

Simultaneous Model with a Single Correlation 
Time. This model' provided the best description of the 
CSA line-shape data a t  a single frequency and as such it 
can be considered first in the attempt to interpret the data 
a t  two field strengths. In this model, the multisite ex- 
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Figure 1. Variable-temperature carbon-13 CSA line shapes at 
62.9 MHz. The solid vertical line indicates the position of the 
maximum in the rigid line shape corresponding to ua The dashed 
vertical line indicates the position of the maximum in the high- 
temperature, motionally averaged spectra. At the intermediate 
temperatures of -60 and -80 "C, two maxima corresponding to 
the two linea are observed, which is indicative of an inhomogeneous 
distribution. 

change formalism developed independently by Wemmer6J5 
and Mehring13 is employed. I t  allows for all possible 
transitions with equal probability for a series of sites 
chosen to emulate large-angle jumps over a range around 
exact ?r flips, superimposed on low-amplitude libration 
both about the CICl axis of the phenylene ring. The 
line-shape equation for multisite exchange used for CSA 
line shapes has been described elsewhere.',' Both two-site 
jump and simultaneous models make use of the multisite 
formalism. The two-site jump model includes only the 
primary motion. The simultaneous model, on the other 
hand, treats both motions. For BPA-PC, it is important 
to meet one restriction, Le., using a correlation time that 
will treat the secondary motion, namely oscillation or li- 
bration in the rapid limit. With two rates, one for each 
process is conceivable though computationally difficult. 

Whereas 22.6-MHz data were not difficult to simulate 
with this model, problems were encountered in fitting 
62.9-MHz data, mainly the low-temperature ones as shown 
in parts a and d of Figure 2 for data a t  -80 and -60 "C. 
Here the line shapes in the slow-to-intermediate regime 
play the crucial role in determining the best description 
of the motion; and the inability to obtain a good match 
to both frequency sets points to the inadequacy of the 
treatment of the large-amplitude jumps by a single cor- 
relation time. 

Inhomogeneous vs. Homogeneous Distribution. In 
view of the failure of the single correlation time model, a 
simulation of the data using both distributional models 
is attempted. The appearance of the spectra shown in 
Figure 1 is qualitatively indicative of an inhomogeneous 
distribution. For a simple two-line collapse, Garroway12 
showed the characteristic of a broad inhomogeneous cor- 
relation function is an intermediate three-line spectrum. 
Two of the three lines correspond to the position of the 
two lines in the absence of exchange. The third line 
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position corresponds to that of the rapid-exchange limit. 
Thus the intermediate three-line spectrum consists of two 
lines corresponding to the precollapse positions and a third 
line corresponding to the complete collapse position. In 
the spectra of Figure 1 a solid line is drawn through all 
spectra for the uz2 shift position of the rigid line shape. A 
dashed line is then drawn through all spectra corre- 
sponding to the high-temperature limit resulting from the 
motional averaging of ull and un. This dashed line is based 
on the maximum of the high-temperature line shape. At  
the intermediate temperatures of -60 and -80 "C, maxima 
are present which correspond to both high-temperature 
and low-temperature limits, the solid and dashed lines. 
This feature is qualitatively indicative of an inhomoge- 
neous distribution, and now a quantitative analysis cen- 
tering on these intermediate temperatures is pursued. 

Specifically the calculations will be restricted to the 
intermediate rate regime where correlation times for the 
primary motion are slow enough to cause distinctive 
changes in the maximum intensity area of the line shapes 
and where secondary motion is not as important. Since 
the distributions are concerned with the primary motion, 
a simple two-site jump model is used for preliminary 
calculation. 

The distribution formalism, in general, makes use of a 
fractional exponential correlation function. The commonly 
used Williams-Watts expression16 is 

W = exp(-t/7,)" (1) 

where 7p is the center correlation time, and CY, the breadth 
parameter. Smaller a's are associated with broader dis- 
tributions. As shown by Kaplan and Garroway12 eq 1 can 
be recast in the form 
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-0.04200328, U, = 0.16653857, and p = T ~ / T .  

Using the correlation function expression of eq 3, Kaplan 
et al. developed the final line-shape expression for a ho- 
mogeneous distribution for a two-site exchange process (eq 
22, ref 12). In our calculation, the same expression is 
extended to a polycrystalline type line shape. 

For the inhomogeneous distribution, the same Wemmer 
line-shape expression6 for multisite exchange is employed 
with a distribution of correlation times instead of a single 
correlation time. Each correlation time makes its own 
contribution toward the total line-shape collapse and the 
contribution in each case is weighted according to the 
distribution embodied in eq 3. In essence, the mathe- 
matical difference between the homogeneous and inho- 
mogeneous treatments is that in the inhomogeneous case 
we have a set of uncoupled equations corresponding to the 
magnetization sites evolving under exchange independently 
without regard to state of the magnetization at  other sites 
and for the homogeneous case the exchange of each site 
is coupled with the overall magnetization from all sites. 

To save computer time, the following scheme was 
adopted. At the longer correlation time end, some point 
is reached when the line shape approaches the rigid limit; 
i.e., 7j becomes so long that the jump for such a long 7j does 
not cause line-shape collapse and essentially the rigid-case 
line shape results. There can still be some 7j 's  left which 
are longer than this 7j  and their weightings must be con- 
sidered. I t  is not necessary to repeat the line-shape cal- 
culation for these long r's since the rigid limit has already 
been reached. Instead, the weightings for these 7's are 
combined with the weighting for this 7j.  The same time- 
saving scheme can be adopted for 7's at the shorter 7 end 
where at  one point the line shape reaches the rapid limit 
and further decrease in the value of 7 leads to no additional 
narrowing. 

For our calculation, 57 7's were used, 28 on each side of 
rp spanning 28 decades of time (eq 4 and 5). Two 7's thus 
cover one decade, in accordance with the approach adopted 
by Kaplan et a1.I2 An a! value of near 0.16 is suitable for 
comparing both types of distributions. Comparisons fo- 
cused on the 62.9-MHz data, which are sensitive enough 
to force a choice between the two distributions. 

Calculations were restricted to the spectra at  -80, -60, 
and -40 "C, which show distinctive temperature-dependent 
changes in the maximum-intensity area. Figure 2b,e 
(homogeneous) and Figure 2c,f (inhomogeneous) show the 
theoretical simulations with appropriate T ~ ' S  for the ex- 
perimental data at  -80 and -60 "C.  The distinctive 
dual-peak nature of the top part of the spectra can only 
be simulated by using the inhomogeneous distribution, 
which is at  once evident from the figures for data at  -80 
and -60 "C. A homogeneous distribution results in fea- 
tureless broadening as can be seen from the figure. These 
findings are thus in agreement with similar observations 
based on deuterium spectra2 and we therefore concentrate 
the remaining interpretational efforts on the inhomoge- 
neous distribution. 

Simultaneous Model with an Inhomogeneous Dis- 
tribution. For an improved interpretation, the simulta- 
neous model is combined with an inhomogeneous distri- 
bution so that both motional processes can be treated at  
the same time. Some precautions are necessary. For 
BPA-PC, the secondary motion is always to be treated in 
the rapid limit. This condition is not met with for some 
of the longer 7's at the long-r end, especially when 7p is 
long, i.e., when slow-rate-regime line shapes are encoun- 
tered. Again the following reasonable approximation is 
pursued. In doing calculation for the entire distribution, 

Instead of the continuous distribution of eq 2, @(t) can be 
represented as a discrete sum. 

d t )  = C p j  exp(-t/.,) (3) 

with a normalization condition given by G(0) = 1 = Cjp,: 
(4) 

where by the definition in eq 2 
(5) 

Montroll and Bendler17 reported a lognormal expansion 
of ~ " ( 7 ) .  Later on, Bendler and ShlesingeP showed that 
this series expansion (eq 60b, ref 17) suffers from poor 
convergence and lack of normalization. They found eq 59 
of ref 17 to be superior in both respects. The same series 
expansion of P,(T) as recast by Bendler et al.18 (eq 51, ref 
18) and shown below, is used in our calculation. 

~ " ( 7 )  = exp[-(7/rp)"1 x 

J 

Pj = G(log Tj)[lOg (rj+1/7j)l 

G(1og T )  = ~p , (~ ) / log  e 

a! 

7P 
[l - ~iF2 + a2F3 - a3F4 + a4F5 - ...I (6) 

where 
F2 = U2(1 - p-") 

F3 = U3(1 - 3pP + /L~") 

F4 = U4(l - 7p-u + 6 ~ ~ ~ "  - M - ~ " )  

F,  = U,(1 - 15p-" + 2 5 ~ ~ ' "  - + P - ~ " )  

and U2 = 0.57721665, U 3  = -0.6558775, U4 = 
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Figure 2. Comparison of simultaneous (a and d), two-site ho- 
mogeneous (b and e), and two-site inhomogeneous (c and f) 
treatments for simulation of 62.9-MHz CSA data at -80 and -60 
"C. In each case, the solid line represents the best simulation 
of the experimental data (0). (a) 7 = 8.0 X s; (b) T~ = 2.0 
X lo-' S, CY = 0.16; (c) T~ = 5.5 X S, a = 0.16; (d) 7 = 2.6 X 

s; (e) T~ = 1.0 X lO-'s, CY = 0.16; (f) T~ = 2.6 x s, CY = 
0.16. 

a point is reached when the r, no longer treat the secondary 
motion in the rapid limit. Again it is also possible that 
for that particular r j  and all larger r's, the rigid line shape 
is already achieved with respect to the large-amplitude 
jumps. This means simultaneous jump calculations are 
not necessary for the r's in question; instead, line-shape 
intensities due to oscillation are calculated over an ade- 
quate number of frequency points to cover the entire 
spectrum by applying this motion alone to the rigid tensor 
principal values. The intensities are then multiplied by 
the sum of weightings for those long r's, yielding a line- 
shape contribution for the long r 's  part. For the remaining 
shorter 7'5, the jump calculation is important. The si- 
multaneous model is therefore applied for these remaining 
r 's ,  with the intensities obtained by summing up contri- 
butions for each T according to the weighting factor given 
by the stretched exponential form. We then add up in- 
tensities for both the long and short correlation time parts 
to get the final line shape for the entire distribution. Again 
57 7's are employed. 

Since the CSA line shape data do not seem critical 
enough to allow a precise estimation of a ,  the same si- 
multaneous plus inhomogeneous consideration has been 
applied to the phenylene proton Tl and Tlp data reported 
earlier.' The proton data are not able to distinguish be- 
tween homogeneous and inhomogeneous distributions 
since spin diffusion exchanges magnetization at different 
spatial sites. However, the overall breadth of either type 
of distribution is equivalently reflected in the breadth and 
shape of T, and T,, minima. The new interpretation of 
the proton data, including the contribution of restricted 
rotation, leads to an improved fit relative to the one ob- 
tained earlier with the Ngai forma1ism.l This improved 
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Figure 3. The solid lines are simulations of the 62.9-MHz CSA 
data (0) at several temperatures. 

analysis yields a value of 0.154 for a, and this same a is 
employed in the line-shape calculation. The amplitude of 
the restricted rotation is estimated from the high-tem- 
perature region where the flip contribution has already 
reached the rapid limit. We make use of the estimates 
reported earlier7 based on the simultaneous model, which 
range in value from 64" at +120 "C to 23" at -80 OC. 
These estimates also prove to be effective for fitting the 
T1 and T,, data where restricted rotation is included as 
a second motion in addition to P flips. A summary of line 
shape calculations at both fields is shown in Figures 3 and 
4. The simulations are within the limit of experimental 
error. An Arrhenius analysis of 7;s as shown in Figure 5 
yields an apparent activation energy of 50 kJ/mol. Spectra 
at higher temperatures become rate independent for both 
primary and secondary processes. Simulations at  tem- 
peratures beyond 0 "C are therefore not presented. 

In the previous report,, the relaxation map log v, vs. T1 
was constructed with correlation frequencies and the 
corresponding temperatures for T1 and T1, minima, av- 
erage point of CSA line-shape coalescence, and maxima 
in dielectric and dynamic mechanical data. With the 
newer simultaneous-inhomogeneous description of phe- 
nylene motion, improved values of correlation frequencies 
for the P flips at T,  and T,, minima and temperature for 
CSA collapse are obtained and used for reconstruction of 
the relaxation map as shown in Figure 6. The apparent 
activation energy (50 kJ/mol) and 7, (4 X s) obtained 
from linear least-squares analysis of the data are in good 
agreement with CSA line-shape analysis values (50 kJ/mol 
and 1 x s). 

The mechanical loss, Gy(~)loSS,  is given by the equation 

where +'(t) is the derivative of the correlation function as 
expressed in eq 3 and cry is the stress arising from the 
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Figure 4. The solid lines are simulations of the 22.6-MHz CSA 
data (0) at several temperatures. The data are taken from ref 
1. 
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Figure 6. log (frequency) vs. inverse temperature or relaxation 
map. The highest frequency NMR point is the 90-MHz proton 
TI minimum, the next highest (43 kHz) is the TI, minimum, and 
the lowest is the average position of CSA line-shape coalescence. 
The filled triangles are maxima of dielectric loss curves taken at 
different temperatures. The positions of all points have an as- 
sociated uncertainty of the order of 10 "C because of the broadness 
of loss peaks and relaxation minima. 
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Figure 7. Dynamic mechanical spectrum. The solid line is the 
simulation employing the Williams-Watts inhomogeneous cor- 
relation function (eq 3) with the parameters set from the CSA 
line-shape analysis. 

base is available. The previous estimates for the amplitude 
of restricted rotation or oscillation seem to be effective for 
fitting data at both frequencies. The primary motion 
includes jumps which extend over a range around exact 
?r flips. The inhomogeneous nature of the motion indicated 
by the CSA spectra is plausible for a polymeric glass. 
Differences in packing lead to microscopic density fluc- 
tuation or a free volume distribution. Also differences in 
more specific interaction between chains, aside from 
packing effects, are also conceivable. Spatially separated 
groups therefore experience different barriers to motion. 

The Williams-Watts formalism as expressed in eq 3 and 
its incorporation in multisite exchange line-shape ex- 
pression represent this distribution. The breadth of the 
distribution may depend on the polymer structure and the 
nature of the motion. For BPA-PC, an a value of 0.154 
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indicates a broad distribution. A models for motion in solid 
BPA-PC links the phenylene motion of the concerted 
cis-trans, trans-trans conformational interchange involving 
the carbonate unit. Since the whole process extends over 
more than one monomer unit, it  is reasonable that the 
motion is more sensitive to steric hindrance and reacts to 
a greater degree to any density fluctuations or free volume 
distribution present in the system, thus yielding a broader 
distribution than in a case when the motion is simple and 
very localized. 

The proposed motional model leads to the diffusion of 
a defect conformation along the polymer chain. The 
diffusing defect experiences a range of barrier heights 
resulting from various local packing and interaction effects 
and this leads to a distribution of waiting times. A dif- 
fusional process experiencing a distribution of barrier 
heights has been shown to lead to the stretched expo- 
nential form of Correlation function.*22 This development 
from the theoretical side lends further credence to an 
analysis based on a Williams-Watts type correlation 
function. 

Defect diffusion motion in combination with a distri- 
bution of barrier heights has been used to derive a 
stretched exponential correlation However, 
if the distribution of barrier heights is different in the 
vicinity of spatially distinct relaxing groups, an inhomo- 
geneous correlation function would result, i.e., relaxing 
groups at different spatial positions would have different 
relaxation rates. If the distribution of barriers were 
equivalent surrounding each spatial site, a homogeneous 
correlation would result. A derivation of the first case is 
not available, with the only corresponding 
to one set of barrier heights. These derivations start with 
a fundamentally inhomogeneous description but lead to 
a description of relaxation at  only one site without con- 
sidering the prospect of the barrier height inhomogeneity 
invoked, producing unequivalent relaxation at  other sites. 

From a general physical viewpoint, it seems unlikely that 
the correlation function itself is either purely inhomoge- 
neous or purely homogeneous. The analysis considered 
here assumes complete inhomogeneity, and our earlier 
analysis,' complete homogeneity. The line-shape data are 
indicative of considerable inhomogeneity. Proton relaxa- 
tion is sensitive to the presence of a distribution but cannot 
distinguish between homogeneous and inhomogeneous 
because of extensive averaging over spatial sites by spin 
diffusion. Carbon-13 T119 and TlFl1 data indicate inho- 
mogeneous character, with spin dynamics playing a lesser 
role especially in the case of the T1 data.19 A decisive 
partitioning between the homogeneous and inhomogeneous 
aspects of relaxation in a glass which is consistent with 
spin-lattice relaxation and line-shape data warrants further 
consideration both theoretically and in the development 
of additional experimental data. 

Temperature also affects the apparent homogeneous vs. 
inhomogeneous character in line-shape data. At  low tem- 
peratures and intermediate exchange rates both deuteri- 
um2 and CSA line shapes indicate an inhomogeneous 
distribution. However, at high temperatures, both sets of 
line-shape results indicate that all phenylene rings undergo 
large-angle flips in the fast limit. From the defect diffusion 
viewpoint, a t  lower temperature the defects can diffuse 
over a limited range past the lower barriers in the distri- 
bution of barrier heights. The associated rings will appear 
as mobile, each with its own rate. Phenylene groups ex- 
periencing high barriers will not undergo flips on the time 
scale of the experiment or only very slowly and will 
therefore appear as rigid. A t  high temperatures, all bar- 
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Figure 8. Theoretical deuterium spectrum, using the simulta- 
neous-inhomogeneous description and parameters at -20 "C 
obtained from CSA line-shape analysis. 

-125 KHZ 125 

Figure 9. Comparison of homogeneous (a) and inhomogeneous 
(b) theoretical treatments of deuterium line shapes for phenylene 
group rotation for equivalent intermediate rates: (a) rP = 1.8 X 

riers can be surmounted in the time scale of the experiment 
so all rings are observed to undergo flips. If the temper- 
ature is sufficiently high, say 100 OC in BPA-PC, a dis- 
tribution of flip rates still exists but all of the rates are in 
the fast limit, yielding the simple rapid-limit line shape, 
which can be simulated by any jump faster than the fre- 
quency separation of the exchanging line positions. The 
apparent activation energy of 50 kJ/mol, which is typical 
of polymeric glasses, seems quite reasonable and is in 
agreement with values from relaxation map analysis, me- 
chanical data: and T1 and TI, simulations. Thus the 
phenomenological link in time among different NMR, 
dielectric, and dynamic mechanical measurements is fur- 
ther supported. In the same vein, the experimental data 
for dynamic mechanical measurements can be matched 
rather well, using activation parameters from line-shape 
analysis as input basis for eq 7, which is similarly reas- 
suring. 

In view of the success of the simultaneous-inhomoge- 
neous description in fitting different sets of experimental 
data, it  seems worthwhile to generate a theoretical deu- 
terium powder spectrum using the same motional picture 
and the correlation time at  -20 OC. The generated spec- 
trum should closely match the experimental deuterium 
spectrum at -20 "C, which has distinct features reflecting 
the inhomogeneous distribution.2 Since the pulse widths 
and quadrupolar echo delays are not published, the cor- 
rections to the deuterium line shape cannot be affected. 
However, similar calculations showed that for the case of 
phenylene flipping, incorporating the corrections shifts the 
correlation times by a certain factor, but the basic line- 
shape features remain. Figure 8 shows the calculated line 
shape, which displays the same general features as the -20 
OC expermental spectrum. This similarity in line shape 
obtained with the correlation time at  -20 OC from CSA 

s, a = 0.16; (b) rp = 5.0 X lo4 s, a = 0.16. 
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line-shape analysis gives additional confidence in the 
phenylene dynamics picture as outlined here. I t  should 
be noted that due to the increased quadrupolar interaction, 
the features that distinguish homogeneous and inhomo- 
geneous line shapes for intermediate rates, i.e., the dif- 
ferences at the absorption maxima, are enhanced over the 
CSA case as shown in Figure 9. 
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Surface Structure and Oxygen Permeation in Mixed Multibilayer 
Films of Hydrocarbon and Fluorocarbon Amphiphiles 
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ABSTRACT: Multicomponent bilayers of double-chain (fluorocarbon, 2F; hydrocarbon, 2H; mixed chain, 
1FlH) ammonium amphiphiles were immobilized on Millipore membranes as composite films with poly(viny1 
alcohol). Differential scanning calorimetry and ESCA indicated that the hydrocarbon and fluorocarbon 
components form separated domains and that the fluorocarbon component is concentrated near the film surface. 
Permeation of O2 and N2 through these films was examined by the high-vacuum method. The separation 
factor (Po,/PN, = 2.0-2.8) was apparently determined by the surface monolayer formed from the fluorocarbon 
(2F) amphiphile, without regard to the hydrocarbon (2H) content. The permeability coefficient (P) was enhanced 
by the presence of the fluid domain of the liquid-crystalline hydrocarbon (2H) bilayer, and a 100 times jump 
in P was observed for a composite film of 2F/2H/lFlH (1:7:1) and PVA near the phase transition temperature 
of the hydrocarbon bilayer. 

Introduction 
Aqueous bilayer membranes can be immobilized by 

casting on glass in the form of transparent films that 
maintain the bilayer  characteristic^.'-^ Fluorocarbon bi- 
layer films obtained by casting with and without poly(Viny1 
alcohol) (PVA) exhibit the oxygen-enrichment p r ~ p e r t y . ~  
Takahara et aL6 conducted the structural characterization 
of composite films of PVA and fluorocarbon bilayer 
membranes by X-ray diffraction and X-ray photoelectron 
spectroscopy (XPS) and discovered that the fluorocarbon 
bilayer lamella is spontaneously concentrated at  the film 
surface with the bilayer orientation parallel to the film 
plane. 

In general, permeability coefficients of the bilayer 
membrane are enhanced when the bilayer membrane is in 
the liquid-crystalline phase rather than in the crystalline 
phase. Fluorocarbon bilayer films show enhanced oxygen 
permeation due to the affinity between fluorocarbon 

t Department of Organic Synthesis, Contribution No. 804. 
*Department of Applied Chemistry. 

Chart I 
0 

0 3, 2C,2-de-C2N‘(2H) 

moieties and molecular oxygen. In contrast, fluorocarbon 
bilayers possess high phase transition temperatures (TJ, 
and the enhanced permeation due to the liquid-crystalline 
state cannot be achieved at  ambient temperatures. We 
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