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ABSTRACT: Surface dynamic light scattering is used to deduce the surface viscoelastic properties of poly(viny1 
acetate) (PVAc) and poly(n-butyl methacrylate) (PnBMA) spread at the air-water interface. The two polymers 
were selected as group representatives of expanded (PVAc) and condensed (PnBMA) type films. Surface 
longitudinal viscosity, K ,  and elasticity, e, for the two types were calculated from the frequency shift and line 
broadening of the power spectrum of the scattered light with a dispersion relation over a range of temperatures 
and surface concentrations. In some cases, the wavevedor dependence of the spectral characteristia necessitated 
the incorporation of a transverse viscosity term, p, in the dispersion equation, subject to the assumption that 
e and K did not depend on the scattering wavevedor. This transverse viscosity was shown to have an anomalous 
temperature dependence with characteristics different for the two polymers; an explanation of the temperature 
dependence in terms of a slow, collective transverse relaxation process is provided, which may be related to  
the orientational properties of the different polymers at the interface. 

Introduction 
Polymer conformation and dynamics at interfaces are 

important for scientific1 and technological2 reasons. It has 
been known for many years that a wide variety of polymers 
can be spread at the air-water interface and that mea- 
surements of the surface pressure of the resulting films as 
a function of surface polymer densities suggest grouping 
polymers  according to qualitative differences in their 
tendency  to spread and quant i ta t ive  differences i n  their  
pressure-area ~ u r v e s . ~  For example, poly(viny1 acetate)  
(PVAc) spreads readily to  form fluid (expanded)  films 
stable up to high surface pressures (<15 dyn cm-I). It is 
now well established that the reduction in surface tension 
and the increased damping of surface waves motion, which 

Permanent address: Korea Standards Research Institute, Dae- 
duck Danji P.O. Box 3, Daejeon 300-31, Republic of Korea. 

result when a surface-active film is spread on a liquid 
surface, are ascribed to the viscoelastic properties of the 
film. The effects of a surface-active substance on surface 
waves motion have been examined extensively4-* b y  
measuring the attenuation of mechanically excited waves. 
More recently, the s t u d y  of the viscoelastic properties of 
monomolecular films has attracted renewed attention 
through the introduction of surface light scattering from 
thermally excited capillary waves since this technique is 
a noninvasive one. A variety of different mater ia ls  have  
been studied b y  using surface wave scattering."ls On the 
other hand, very few e~periments '~J~ have been directed 
to probe the temperature dependence of the viscoelastic 
parameters, which is of major significance since the liquid 
substrate can be a good or poor "solvent" depending on 
temperature for  a given polymer.17J8 We present i n  this 
report a s t u d y  of surface l ight  scat ter ing combined wi th  
static surface pressure with the use of t w o  polymers, 
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poly(viny1 acetate) (PVAc) and poly(n-butyl methacrylate) 
(PnBMA), spread at  the air-water interface. PVAc and 
PnBMA have been selected in order to compare the tem- 
perature dependence of viscoelasticity between an ex- 
panded-type film such as PVAc3Jg and a condensed-type 
film such as PnBMA.3 

In order to describe capillary waves on a film-covered 
liquid surface, several theoretical model~'f'9~~ have been 
developed, which are usually based on the linearized 
Navier-Stokes equation. They differ mainly in the vis- 
coelastic parameters to be specified. The early theories4>" 
assume that the monolayer is characterized by surface 
tension and by four other parameters: the dilational and 
shear elasticities and the dilational and shear viscosities. 
On the other hand, more recent theories9a* introduce one 
more parameter, the transverse viscosity, which originates 
from the relaxation process of the transverse capillary wave 
mode of the monolayer. Furthermore, it has been shown9* 
that, of the dilational and shear elastic and viscous con- 
tributions, only the sums of the dilational and shear terms 
can be resolved. In order to interpret our experimental 
data, we have chosen the form of the dispersion equation 
that has four viscoelastic parameters," i.e., the longitudinal 
elastic modulus and viscosity, and the surface tension, and 
the transverse viscosity. The shear modes do not couple 
to fluctuations in the surface film dielectric constants; 
hence, they cannot be detected by the surface wave scat- 
tering techniq~e .~*~ '  For the transverse viscosity, it was 
found9 that the analysis of the experimental data at a given 
wavevector k might provide information about whether the 
transverse viscosity is negligible or not. Our analysis of 
the results a t  different wavevectors was aimed at eluci- 
dating the temperature dependence of the transverse 
viscosity, whereby some insight into the mechanism of 
transverse relaxation processes might be gained and mo- 
lecular basis of the processes could be inferred. 

Experimental Section 
Materials. PVAc was prepared by bulk radical polymerization 

as previously reported in detail." The molecular weight of PVAc 
was M, = 114000, which was determined by the intrinsic viscosity 
in methyl ethyl ketone (MEK) at 25 "C. 

PnBMA was obtained from Scientific Polymer Products, Inc. 
(secondary standards), and purified by dissolving in toluene and 
precipitating in methanol. The weight- and number-average 
molecular weights of PnBMA were M, = 320000 and M,, = 73 500, 
respectively. As the spreading solvent for both polymer films, 
a spectroscopic grade methylene chloride (Aldrich) was used as 
received without further purification, since this procedure has 
been shown to introduce no surface-active impurity." 

Methods. The surface pressure and surface wave scattering 
measurements were performed over the range 15-30 "C for PVAc 
and 10-25 "C for PnBMA as described in detail elsewhere."@ 
The substrate temperature was controlled by circulating water 
kept at constant temperature (kO.1 "C) through a glass coil placed 
in the bottom of the trough. In order to control the air tem- 
perature, a double-walled cabinet enclosing the trough was made 
of Plexiglas and temperature-controlled air was passed between 
the walls. In addition, copper tubing coils soldered to a thin copper 
plate were placed inside the cabinet, and temperature-controlled 
water was circulated through the copper coils. With the sptems, 
the air temperature was controlled to f0.1 "C. The surface 
concentration (r) of the polymer f h  was varied by the sequential 
addition method as opposed to the compression method. 

For the surface light scattering measurement, the spectral shift 
at the maximum ( f a )  and full width at half-height (Af,)  of the 
power spectrum were measured. Correction for AI8 due to in- 
strumental effects was made, following the method of HCd et 

to give the corrected full width (Afa,J The instrumental 
corrections to the observed spectral widths amount to 40-60'70 
at low r depending on k, as we have documented earlier." 
Scattering wavevectors, k, were slightly different for the two 
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Figure 1. Surface pressureaea (ll-A) isotherms of PVAc film 
for different temperatures: (X) 30 "c; (0) 25 "c; (A) 20 "c; (0) 
15 "C. 

Table I 
Limiting Areas for PVAc and PnBMA 

A,, A2/monomer, at 
10 15 20 25 30 

PVAc - 17.7 20.9 25.1 27.7 
PnBMA 28.4 28.6 31.2 31.5 - 

polymers; 260.6,323.5, and 386.1 cm-' were used for PVAc and 
259.7, 321.4, and 382.0 cm-' for PnBMA, corresponding to the 
spatial wavelength ranges 163-241 and 164-242 pm, respectively. 

Results and Discussion 
PVAc. The surface pressurearea (XI-A) isotherms for 

PVAc at  different temperatures are presented in Figure 
1. As the temperature increases a t  a given surface con- 
centration, r = 1/A, the value of ll increases. The scaling 
factor u of ll - I'u calculated from the semidilute region 
of the log n-log l7 plot for 15 "C was 2.7, which agrees with 
the literature value." The value of u remained constant 
over the temperature range within experimental error. The 
limiting areas, A,, obtained by extrapolating to XI = 0 the 
straight portion of the high-pressure range of E A  curves, 
are collected in Table I. The procedure for the extrapo- 
lation was detailed elsewhere." The limiting areas of 25.1 
A2/monomer unit for 25 "C and 27.7 A2/monomer unit for 
30 "C are in agreement with those reported by Gabrielli 
and Puggelli.28 For the limiting areas a t  20 and 15 "C, 
there are no results available for comparison. The film 
collapse pressure occurs a t  about 27.5 dyn/cm, inde- 
pendent of temperature. 

Figure 2 shows f, and Af,,, as a function of r at  20 and 
25 OC at  three different k values. Up to I? = 4 X 
g/cm2, the differences between the values off ,  at  25 "C 
and those at 20 "C are almost the same as those found for 
the free water surface. In the region r = 4 X 1OWs-15 X 
10" g/cm2, the temperature dependence emerges beyond 
that of the pure substrate, and above this region, the values 
off ,  at  20 "C are almost equal to those at  25 "C. 

In the Af,,,-r plot, two maxima and one minimum are 
noted for both 20 and 25 "C. The first peak positions are 
at r = 5.7 x lo* g/cm2 at  25 "C and r = 6.7 X lo4 g/cm2 
at  20 "C, which correspond quite closely to the limiting 
surface concentrations (r, = l/A,). This implies that the 
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f, and Af,, ,  at  different k values and they turn out to be 
independent of I t ,  the assumptions can then be considered 
reasonable. On the other hand, if E and K so calculated do 
depend on k ,  then it may be that (1) the relaxation effect 
of the vertical motions of the film is not negligible, Le., p 
# 0, or (2) t and K are not independent of w,2l or (3) both 
may be true. If viscoelastic parameters depend on w, e* 
and/or u* becomes so complicated that it is almost im- 
possible to interpret data quantitatively. Hence, where 
t and K obtained with the above assumptions were found 
to be dependent on k ,  quantitative analysis regarding the 
frequency dependence of viscoelasticity was not attempted, 
primarily because our range of available k is so small that 
full examinations of k dependence at this point are rather 
unproductive; in such cases, only the transverse motion 
will be considered. 

We should thus note that the parameters we deduce, ad, 
E ,  K ,  and p,  are still subject to the assumptions that (i) bd 
I us, (ii) p I 0, and (iii) Ud and t should be frequency 
independent. To this extent, the parameters we report 
here are model dependent and only ranges can be specified, 
hence not to be taken as definitive. It is far more plausible 
to assume that E* = t*(w) and u* = a*(w), whereby all four 
parameters, c, K ,  ad, and p, are frequency dependent. 
Unfortunately, we cannot start with this assumption and 
hope to interpret the results for two experimental quan- 
tities, f, and Af,,,, having the predicted k dependences. 
This is a crucial caveat we offer to the reader before pro- 
ceeding further with the analysis of results. 

The dependences of calculated 6 and K on surface con- 
centration at  20 "C for three different k values are shown 
in parts A and B of Figure 3, respectively. No It depen- 
dence of t and K was found, within experimental error. The 
dotted curve in Figure 3A represents the static elasticity 
(t,) calculated from the II-A plot in Figure 1 with the 
commonly used relation 

E, = -A(dII/dA), (2) 
Both t and t, have their maximum values a t  r N 12 X lo4 
g/cm2, although the magnitude o f t  is larger than that of 
t, in the vicinity of maximum. 

In the plot of K versus r (Figure 3B), we see that the 
value of K is negligible up to r 3 X g/cm2. In the 
region of r = 3 X 104-6.7 X lo* g/cm2, a small maximum 
is observed. Similar observations have been made earli- 
er14916 for this feature in the K-r plot for PVAc at  25 "C. 
From r = 6.7 X 10" to 13 X lo4 g/cm2, corresponding to 
the first maximum and minimum positons of Af,,, re- 
spectively, the value of K increases and then decreases. 
Above r = 15 X g/cm2, it is estimated14 that the 
polymer film might no longer be a monolayer; hence eq 
1 might not be applicable, so t and K are not calculated. 
From the behavior of K versus r, it was inferred that the 
surface concentration range can be divided into five re- 
gimes, the conformational state of the film being different 
in each region. Indeed, based on the surface wave scat- 
tering measurements of PVAc film at  25 OC, a tentative 
model of the conformation states was proposed by Ka- 
waguchi et aL14 to account for the existence of these five 
regimes. They are recalled as follows: (1) dilute solution 
with isolated two-dimensional chains; (2) semidilute and 
intermediate concentration, with close-packed two-di- 
mensional chains giving rise to monolayers a t  the end of 
this regime; (3) dynamic chain looping state where polymer 
molecules start to have short loops off the substrate surface 
because of insufficient adsorption sites per molecule; (4) 
loop thickening regime at the end of which the average loop 
size comes to a saturation limit, giving rise to the chain 
loops monolayer state; and (5) chain pileup over those 

E 

Figure 2. Peak frequency (f,) and corrected full width (4,3 as 
a function of surface concentration for PVAc at 20 and 25 "C. 
(0) Foudh order, k = 260.6 cm-'; (A) fith order, k = 323.5 cm-'; 
(0) sixth order, k = 386.1 cm-' for 25 "C. The filled circles, 
triangles, and squares correspond to data for 20 "C. (x) f, and 
af,, of free substrate for 25 OC; (*) f, and 4v of the free substrate 
for 20 OC. The solid curves are drawn to indicate the average 
trends at 25 OC. 

wave damping is a t  a maximum when the monolayer is 
closely packed. The minimum and second maximum 
positions of r = 13 X and 17 X lo* g/cm2 at  20 "C 
are shifted to smaller values of r = 10.5 X 10" and 15 X 
lo4 g/cm2 at  25 "C; these shifts are larger amounts than 
the first peakshift relative to temperature. A similar de- 
pendence was observed at  15 and 30 "C. 

The surface light scattering results were analyzed to 
obtain film viscoelastic parameters using the following 
dispersion relation:22 

t is the film longitudinal elasticity which is the sum of the 
dilational and shear components, K is the corresponding 
viscosity which is also the sum of the dilation and shear 
viscosities, p is the bulk density of the substrate, 9 is the 
shear viscosity of the substrate, bd is the dynamic surface 
tension, and p is the film transverse viscosity. We should 
note here that this analysis gives no unique determination 
of viscoelastic parameters even when viscoelastic param- 
eters are independent of w, since four viscoelastic param- 
eters (Le., E, K ,  bd, and p) have to be extracted from two 
experimental values (Le., f ,  and Af,,,) at  a given value of 
k. Thus, several assumptions concerning viscoelasticity 
are required to interpret experimental data. Initially, we 
assumed that bd was equal to the static surface tension (us) 
as measured by the Wihelmy plate technique, 1.1 was neg- 
ligible, and the parameters, E and K ,  were independent of 
w. Once e and K are calculated with these assumptions from 
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Figure 3. Calculated c (A) and K (B) as a function of surface 
concentration for PVAc at 20 "C. (0) k = 260.6 cm-'; (A) k = 
323.5 cm-'; (0) k = 386.1 cm-'. The dotted curve in A represents 
the static elasticity (e8). 

partially adsorbed with the loops. The data we present 
in Figure 3 are in agreement with the results of Kawaguchi 
et al.14J6 a t  the same temperature of 25 "C. 

In Figure 4, A and B, the 6 and K calculated assuming 
that ad = a, and p = 0 and by using eq 1 at  25 O C  are given 
as a function of surface concentration a t  three different 
k values. Unlike the case at  20 "C, 6 and K are indeed 
different for different k values above r = 5.7 X lo4 g/cm2, 
indicated by an arrow. Furthermore, anomaly of 6 de- 
creasing with increasing k is obvious; this appears to in- 
dicate that elasticity decreases with increasing frequency, 
contrary to any viscoelastic behaviors. We thus start with 
the postulate that this k dependence is due to the tran- 
sverse contribution, i.e., p # 0, rather than frequency 
dependence of e and K;  it appears plausible for two reasons. 
Firstly, k dependence begins to appear in the region of the 
closely packed state, where it could begin to be sensitive 
to the relaxation processes of the vertical motion. Sec- 
ondly, according to Mann and D u , ~ ~  the effect of frequency 

Figure 4. Calculated e (A), K (B), and p (C) as a function of surface 
concentration for PVAc at 25 OC. (0) k = 260.6 cm-'; (A) k = 
323.5 cm-'; (0) k = 386.1 cm-I. The solid curves in A and B were 
calculated from the solid curves in Figure 2, neglecting the 
transverse viscosity, .p = 0. The solid curve in C shows the 
maximum value of p obtained from the solid curves in Figure 2. 
The broken curves in A and B represent the e and K values cal- 
culated using the solid curve in C. See text for details. 

dependence of the viscosity coefficients is more significant 
in the lower surface pressure region than in the higher 
surface pressure region. We therefore tried to search for 
values of p and a d  that would render e and K independent 
of k. Thus, with the assumptions that ad 2 us and that 
p 2 0, we solve for eq 1 analytically to find the maximum 



Macromolecules, Vol. 22, No. 10, 1989 Temperature Dependence of Film Properties 4023 

N 
I c 

I 

N 
I 

-5 
.@ 
Q 

I 

0 
L 
'0 I I I 

5 IO 15 
re IOB/g/cm* 

Figure 5. f ,  and Aia,, as a function of surface concentration for 
PVAc at k = 323.5 cm-': (X) 30 "c; (0) 25 "c; (A) 20 "c; (0) 
15 "C. The solid curves are drawn over the data points to indicate 
the average trends. 

and minimum values of the four viscoelastic parameters 
which are all consistent with the input experimental 
quantities, f ,  and Af,,,,. It was found that ad was equal to 
us up to r = 15 X g/cm2. The minimum value of p 
is zero, and the maximum values of p are presented in 
Figure 4C. The broken curves in Figure 4, A and B, rep- 
resent the values of e and K calculated using the maximum 
value of p. The effect of increasing p from zero to make 
e decrease and K increase. It is clear from Figure 4A that 
k dependence of e at  1.1 = 0 disappears a t  p = hLmax and the 
magnitude of e is not greatly changed. On the other hand, 
Figure 4B shows that K increases by over an order of 
magnitude and its k dependence is further amplified as 
p is allowed to be nonzero and reaches its maximum 
possible values. Figure 4C shows that p- is also k de- 
pendent. Thus, we conclude in this instance that the 
criterion of k independence for the viscoelastic parameters 
would appear insufficient to determine whether p = 0 or 
p > 0, and our attempt here seems to be a mixed success. 
In the dilute concentration region where e and K are in- 
dependent of k, the value at 25 "C is smaller than that a t  
20 "C, which is expected for viscosity. 

The effect of decreasing e and increasing K with in- 
creasing p is not physically obvious, and we do not fully 
understand these trends. Nevertheless, it is tempting to 
suggest that the coupling of the transverse mode with its 
relaxation effect, i.e., p > 0, with the longitudinal mode 
with both of i b  components, e and K ,  requires an adjust- 
ment of e and K to conserve the capillary wave propagation 
rate ( f a )  and its temporal damping (Af, , ,) .  A simpler ex- 
planation may be that an increase in the transverse wave 
viscous component must result in an increase in the 
longitudinal wave viscous component by virtue of the mode 
coupling, and its consequence is to reduce e as long as Ud 
is held constant, since Cd is principally responsible for fa 
and e, K,  and p must adjust to produce the same 4%, value. 

Comparing our results for 20 "C with those at the same 
temperature previously reported by Langevin: who cal- 
culated viscoelastic parameters using the profile of power 
spectrum for the capillary wave instead of just extracting 
f ,  and Af,,,, from the power spectrum and using eq 1 to 
deduce ad, e ,  K,  and p under a set of assumptions as we have 
done here, we find some differences. Langevin suggested 

- -  - A k I 386.1 cm.1 1 

Figure 6. f, and 48, as a function of surface concentration for 
PVAc at k = 386.1 Cm-l: (X) 30 O C ;  (0) 25 O C ;  (A) 20 "c; (0) 
15 "C. The solid curves represent f, and 4,,, calculated using 
the e and K values obtained from the solid curves in Figure 5, 
neglecting the transverse viscosity, p = 0. See text for details. 

that p was not negligible and that b d  was larger than u,, in 
some regions at 20 "C, whereas we find that the transverse 
relaxation was negligible in all surface concentrations a t  
20 "C. Therefore, we considered the possibility that this 
discrepancy might be due to the different analysis proce- 
dures used. In order to test this hypothesis, the values of 
e and K obtained by using eq 1 from f ,  to 4&, for k = 323.5 
cm-', as represented by the solid curves in Figure 5, were 
used to compute f ,  and Af,,, for another wavevector, k = 
386.1 cm-', using eq 1, and these were compared to those 
calculated from the profile of power spectrum given bp f l  

P&) = - ( k B T / m ) ( 7 , 2 k / p )  Im [(S2 + (cuy + 0s) X 

where 

y = udp/4v2k, T,, = p/27k2, s = iwro, 

[(l + 2S)'/2 - l]JD-'(S)] (3) 

ff = t / b d ,  0 = ~ k / 2 7 ,  7 = pk /27 ,  

D ( S )  = S2[(1 + S)2 + y - (1 + 2 S ) q  + (cuy + 0s) x 
[S2(1 + 2 s p  + ( y  + -yS)((l + 2S)'/2 - l)] + $33 

and kB is the Boltzmann constant. In the calculations, ad 
= u,, and p = 0 were assumed. Values off,, and Af, ,  ob- 
tained by solving eq 3 were the same as those calcuiated 
from eq 1 to within 1% in our range of k values available. 
This suggests that the discrepancy between Langevin's 
results and our results comes from factors other than the 
different analysis schemes. As alternative explanations 
for the discrepancy, the different correction methodsntm 
for the instrumental width and the large error involved in 
determining viscoelastic parameters, particularly so when 
only one k value is used in the measurement, as Langevin 
has done, may be mentioned. At any rate, the two dif- 
ferent analysis schemes yield the same results, whereby 
our present analysis scheme may be taken to  be as good 
as that of solving for eq 3. 

Figure 5 shows fa and 4Gc for one wavevector (k = 323.5 
cm-') and all four temperatures. The data points have 
been fitted with smooth curves for ready comparisons 
among the data a t  different temperatures. We first as- 
sumed that p was zero for all wavevectors. Solid curves 
in Figure 6 represent f, and Af,,,  calculated at  k = 386.1 
cm-l using the data in Figure 5 at  all temperatures. It is 
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Figure 7. II-A isotherms of PnBMA film for different tem- 
peratures: (0) 25 O C ;  (A) 20 O C ;  (0) 15 "c; (X) 10 "c. 
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Figure 8. f ,  and Afe,, as a function of surface concentration for 
PnBMA at 15 O C .  (0) k = 259.7 cm-'; (A) k = 321.4 cm-'; (0) 
382.0 cm-'. 

apparent that the solid curves are in accord with the 
measured values at 15 and 20 O C  whereas at 25 and 30 "C 
differences between the calculated and measured values 
emerge after the first maximum position of Af,,,. This 
could be taken as an indication that for 25 and 30 "C the 
transverse viscosity of the PVAc film may not be zero, 
provided the observed k dependence is at least partly due 
to the transverse relaxation, while for 15 and 20 "C the 
transverse viscosity is unobservable. This kind of tem- 
perature dependence of p has also been reported by 
Crawford and Earnshaw,13 who performed experiments 
with the solvent-free monoglyceride bilayer membrane 
using the same surface light scattering technique. 

PnBMA. Figure 7 shows curves of II versus A for 
PnBMA at  four different temperatures. For A greater 
than 15 X lo6 cm2/g, ll is almost zero at all temperatures. 
Below this value of A ,  the II-A curve begins to increase 
rather steeply with decreasing A; such a behavior is 
characteristic of the 11-A isotherm of the condensed-type 
film.3 The exponent u of 11 - I'u calculated from the 
semidilute region of the log 11-log r plot (not shown) for 
15 "C  was 13, corresponding to the value for poor solvent 

Figure 9. Calculated c (A), K (B), and jt  (C) as a function of surface 
concentration for PnBMA at 15 "C. (0) k = 259.7 cm-I; (A) k 
= 321.5 cm-'; (u) k = 382.0 cm-'. The dotted curve in A shows 
e,. The solid curves in A and B were calculated from the solid 
curves in Figure 8, neglecting the transverse viscosity. The curves 
in C show the maximum values of jt  obtained from the solid curves 
in Figure 8 with sixth order, k = 382.0 cm-'; fiith order, k = 321.5 
cm-'; and fourth order, k = 259.7 cm-'. The broken curves in A 
and B represent the e and K values calculated using the solid curve 
in C. See text for details. 

~onditions,'~J~ and u was not sensitive to temperature over 
the range 10-25 "C. The limiting areas per monomer, A,, 
are collected in Table I. The values are in agreement with 
those in the l i t e r a t~ re .~  

Values off, and Af,,, a t  15 "C at three different k values 
as a function of the surface concentration are plotted in 
Figure 8. Up to r = 7 X lo* g/cm2, f, is nearly constant 
for each k value. With increasing r) a very slight increase 
in f, is followed by an abrupt decrease. In the case of Af,,,, 



Macromolecules, Vol. 22, No. 10, 1989 

8.0 

N 
I 

5 7.0 
Lc 

6.5 

1 

Temperature Dependence of Film Properties 4025 

Figure 10. f, and Af,* as a function of surface concentration of 
PnBMA at k = 321.4 cm-': (0) 25 "C; (A) 20 "C; (0) 15 "C; (X) 
10 "C. 

it increases gradually with I' in the dilute region, where 
f, and II do not change substantially. At around I' = 8 X 
lo* g/cm2, where f, drops rapidly, Af,, steeply increases 
and then precipitously decreases. This kind of sharp in- 
crease of Af,,, also has been found in poly(methy1 meth- 
acrylate), but in this case, a much more gradual decrease 
followed. 30 

Analysis schemes for PnBMA are the same as for PVAc. 
In Figure 9, A and B, t and K at  15 "C, calculated from eq 
1 neglecting the transverse viscosity, p = 0, are plotted 
against I' for each k value. Below r = 8 X lo4 g/cm2, the 
values of t and K are almost the same for all k values. 
However, above this value of r, that k dependence of e and 
K appears, and the similar anomaly of k dependence on t 
appears as W A C  at  25 OC, which is taken as an indication 
that the transverse viscosity may not be ignored. Thus, 
with the same method as for PVAc at  25 "C, the maximum 
and minimum values of the viscoelastic parameters were 
calculated, and ad was found to be equal to a, for all surface 
concentrations. The maximum possible value of p is 
presented in Figure 9C. The broken curves in Figure 9, 
A and B, represent e and K calculated from eq 1 with the 
maximum value of p. As for PVAc, when p is increased 
from zero to pma, t is decreased and K increased relative 
to their values for p = 0. The values of t and K obtained 
assuming ad = a, and p = 0 at  10,20, and 25 "c were also 
found to be dependent on k at  J? greater than the one (8 
X lov8 g/cm2) corresponding to the peak in Af,,,. 

In order to display the temperature dependence of the 
film properties, plots off, and Af,,, versus r for all tem- 
peratures a t  k = 321.4 cm-I are presented in Figure 10. As 
with PVAc, the maximum positions of Af,,, for all tem- 
peratures are consistent with the value for A,. The solid 
curves in Figure 11, A and B, represent values of t and K 

calculated by using eq 1 assuming a d  = Q, and p = 0. Up 
to I', (Le., l/A,), where we suggest that the transverse 
viscosity may be negligible, K increases as the temperature 
is decreased, while t remains insensitive to temperature. 
Beyond rot the maximum and minimum values of vis- 
coelastic parameters were calculated with p > 0. For all 
temperatures, it was found that a d  was equal to us. The 
maximum possible values of p consistent with the data are 
given in Figure 11C, and the values of t and K assuming 
the maximum value of p are represented by the broken 
curves in Figure 11, A and B. As the temperature rises, 
the maximum values of K and p decrease, whereas both 

I 

IO 15 
r . io * /g /cm2 

Figure 11. Calculated (A), K (B), and p (C) as a function of 
surface concentration for PnBMA at k = 321.4 cm-'. The solid 
curves in A and B were calculated from the smoothed curves over 
the data points off, and 4w in Figure 10 (not shown for clarity), 
neglecting the transverse viscosity, p = 0. The solid curve in C 
shows the maximum values of p obtained from the smoothed 
curves over the data points off, and 4 in Figure 10. The broken 
curves in A and B represent the e an2 K values calculated with 
the solid curve in C. See text for details. 
minimum and maximum values of t increase. 

In terms of p, the PVAc and PnBMA films show quite 
different temperature dependences. As the temperature 
decreases, the maximum possible p value, consistent with 
our data, for PVAc becomes negligible, while that for 
PnBMA increases. This contrast in the temperature de- 
pendence seems anomalous, though we emphasize that the 
maximum possible value of p may not be real; thus, the 
interpretation is subject to the caveat we offered earlier. 
Langevin9 has reported an anomalous dependence of p on 
r; p was observed to increase with increasing concentration 
up to a limiting concentration above which p fell to zero. 
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Langevin offered an interpretation of this result in terms 
of a limiting slow relaxation process associated with the 
transverse viscosity. Our temperature dependence may 
be similarly explained. Thus, p depends on frequency and, 
for example, has a frequency dependence of the form 
proposed by Mann and D u , ~ ~  

(4) 
where T is the relaxation time, 0 is the scaling constant of 
the non-Newtonian response of the system, and pm is the 
high-frequency limiting viscosity which may be assumed 
to be zero. According to eq 4, the imaginary part of p has 
a maximum value when OT = 1 (i.e., T = l/u). Thus, since 
the relaxation time, T ,  is expected to become longer as the 
temperature is decreased, if U T  C 1 in the temperature 
range of interest, p increases as the temperature decreases; 
if UT > 1, p decreases with decreasing temperature. It 
follows that, if the predominant relaxation time of PVAc 
is greater than 1/u and if of PnBMA is less than l / w ,  
different temperature dependences of 1.1 would be observed. 
To our knowledge, there is no experimental data to support 
or test this assumption about the relaxation time. How- 
ever, since it has been suggested that PVAc is horizontally 
oriented'OJ' and PnBMA is more nearly vertically or- 
iented,Ig it may follow that the relaxation time, 7, asso- 
ciated with the transverse motion of PVAc is longer than 
that of PnBMA. 

In summary, studies of this sort to probe the transverse 
viscosity contribution to film viscoelasticity might well 
bring forth new insight into the chain conformational 
dynamics at  the air-water interface. With the present 
study, we would suggest that the relaxation processes as- 
sociated with transverse motions may be of significance 
in defining the interfacial conformational dynamics; a t  
least we cannot outright ignore it under all circumstances. 
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ABSTRACT The cis and trans isomers poly(l,4-cyclohexanedimethanol adipate) (PCCDA and PTCDA) 
and poly(trans-l,4-cyclohexanedimethanol succinate) (PTCDS) were synthesized by condensation of the 
corresponding cis and trans isomers of 1,4cyclohexanedhethanol with adipic acid and succinic acid, respectively. 
The values of the dipole moment ratio ( g 2 ) / n m 2  at 30 O C  for PCCDA, measured in benzene and dioxane 
solutions, were found to be 0.950 and 0.914, respectively. The values of the dipole moment ratio of PTCDA 
and PTCDS, determined from dielectric constant measurements in dilute dioxane solutions at 50 and 70 OC, 
were 0.596 and 0.454, respectively. In general, the trans isomers exhibit lower polarity than the cis, and the 
values of the dipole moment ratio of the former polyesters seem to decrease as the number of methylene groups 
in the acid residue decreases. The trans isomers also exhibit a positive and larger temperature coefficient 
than the cis isomers. Theoretical calculations carried out with the rotational isomeric state model give a good 
account of the experimental results, assuming that gauche states about CH2-C0 bonds of the acid residue 
are preferred over the alternative trans states. The theoretical analysis also suggests that  the trans states 
about the @ CH2-CH2 bonds of the acid residue are preferred over the corresponding gauche states. 

Introduction 
Polyesters and polyformals obtained by reaction of cy- 

clohexanedimethanol with aliphatic acids and form- 
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aldehyde, respectively, were recently studied with the aim 
of analyzing the influence of the substitution (equatori- 
al-axial or equatorial-equatorial) of the hydrogen atoms 
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