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plement those from other analytical or simulation 
studies.15*16 

length of the chains considered in our work. This cir- 
cumstance and the appreciable simulation uncertainties 
prevent us from estimating a power law for the ratio. If 
the N-2 scaling would hold for shear flows with HI, the 
behavior that we observe for our short chains is far from 
it. Our most noticeable finding is that when the hydro- 
dynamic interaction is included the ratios are remark- 
ably smaller than those obtained in the absence of HI. 
We even forecast that the scaling law of the ratio with 
HI could be different than that without HI. 

In regard to the second effect that causes the stretch- 
ing of bead-and-spring chains, it can be detected in the 
angle ai, with i = 2, ..., N - 1, defined as the angle sub- 
tended by the directions of bonds bi-l and bi. In Table 
IV we present values for the angle in a trimer and for 
the central and terminal angles when N = 8 and 20. We 
first note that the for the trimer (cos al) N 0 and y is 
as high as 5,  a value for which ( R 2 )  is about 50% larger 
than (R'),. Thus it seems that the primary contribu- 
tion to the elongation of the model chain is the stretch- 
ing of the springs rather than their alignment. The lat- 
ter takes place at  high shear rates and depends appre- 
ciably on N .  We have made no attempt to characterize 
the N dependence of (cos ai), but we notice from the 
results in Table IV that the central angles deformed in 
the shear flow more than the terminal ones and that hydro- 
dynamic interaction effects make the deformation smaller 
than expected if interaction were absent. Thus our results 
including hydrodynamic interactions for varying N com- 
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ABSTRACT Theoretical aspects of the diffusion of small molecules in elastomeric polymer membranes 
are explored using a Monte Carlo simulation to estimate the free volume fraction in two typical siloxane 
elastomers. The model took into account the specific chemical structure of the polymer through the rota- 
tional isomeric state approximation. Calculated results for the two polymers agree semiquantitatively with 
experimentally determined diffusion coefficients. 

Introduction 
Membranes have found important industrial applica- 

tions in the separation of gas mixtures. Such separa- 
tions through rubbery polymer membranes is controlled 
by molecular diffusion of the penetrant molecules.ls2 
Fujita2 has shown that the binary diffusion coefficient D 
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is related to the free volume fraction f by 

where T is the absolute temperature, C#I is the volume 
fraction of the penetrant gas, and A and B are constants. 
Evaluation of a polymer's free volume fraction is there- 
fore useful in predicting its potential for gas separation. 
One way of doing this is by means of molecular simula- 
tions. We restrict our simulations here to siloxanes because 
they have the highest oxygen permeabilities among rub- 
bery polymers. 

DW,d = A exp[-B/fV,dl (1) 
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Fujita's model' is based on a theory for self-diffusion 
of a hard-sphere liquid by Cohen and Turnbull: who main- 
tain that diffusing particles are confined most of the time 
to cages bounded by their immediate neighbors. A cage 
may enlarge due to density fluctuations thus permitting 
displacement of the particle. This displacement results 
in a net diffusive motion only when another particle enters 
the cage before the first can return to its initial position. 
Our simulation model for spherical penetrants in a poly- 

mer matrix assumes that the cage for a penetrant is defied 
by the segment of a polymer chain contained in a sphere 
whose diameter is approximately one correlation length, 
Le., a " b l ~ b " . ~  Within each blob, the chain does not inter- 
act with other chains and excluded volume behavior is 
exhibited. The chain as a whole (a succession of blobs) 
is Gaussian and the effective interactions between blobs 
are weak. Because penetrant molecules a t  low concen- 
tration experience only a small fraction of the free vol- 
ume (and, in any case, the segment density inside a blob 
is equivalent, on average, to the bulk density), the free 
volume inside a blob should be representative of the poly- 
mer free volume. In order to maintain mathematical trac- 
tability, the cage, or cavity of free volume, is required to 
lie on the midpoint of the blob's end-to-end vector. Also 
assumed is a theoretical expression for the probability 
distribution of cavity sizes, developed below. Lastly, the 
rotational isomeric state (RIS) approximation5 was used. 

Macromolecules, Val. 23, No. 3, 1990 

Theoretical Considerations 

In a polymer above but not too far removed from the 
glass transition temperature, the free volume is a small 
fraction of the total volume. At equilibrium, it is distrib- 
uted in small, continuously varying amounts of all pos- 
sible shapes so that f ( V )  dV is the probability of finding 
a cavity of free volume between V and V + dV. Because 
these pockets of free volume are very dilute, the one- 
cavity distribution totally describes the free volume dis- 
tribution. Also, we assume there are no energetic inter- 
actions between cavities; otherwise, coalescence of two 
cavities would result in a single, larger cavity to reduce 
surface-reversible work contributions. The total aver- 
age free volume is fixed at  equilibrium and given by 
R( V) where R is the equilibrium mean number of cavi- 
ties a t  temperature T and ( V )  is the mean volume per 
cavity. 

In order for a small molecule to diffuse in the poly- 
mer, a minimal volume V, must be available adjacent 
to the dissolved small molecule or penetrant. We assume 
that the shape correction is already included in the def- 
inition of V, since not all cavities having a volume equal 
to or greater than that of the penetrant are of the right 
shape to hold a penetrant molecule. 

Because the free volume is so dilutely dispersed and 
is described by f( V), we can treat cavities as an ideal gases 
possessing a (one-particle) entropy S: 

The distribution f (  V) must be normalized 

Jmf(V,dV= 1 (3) 

( V )  = J"f(F)VdV (4) 

and must also be consistent with the given equilibrium 
mean free volume of a cavity, ( V ) :  

Optimizing S with respect to all variations Sf in f ,  using 

Lagrange multipliers, yields 

(5) 

The probability of finding a cavity with free volume 
greater than or equal to V, adjacent to a penetrant is 
given by 

e-B/f(T,d (6) 

where V, is the total volume of the system, B = pV,, p 
being the number density of cavities, and the free vol- 
ume fraction f(T,4) is given by 

(7) 
Equation 6 resembles the equation derived by Cohen and 
TurnbulP by assuming a lattice model in which the free 
volume is an integral number of lattice vacancies. Besides 
freeing the derivation from the lattice constraint (after 
all, polymers are amorphous), the present approach yields 
the correctly normalized B for the off-lattice chains. 

The usual free volume modelslJ for diffusion set D 
proportional to P ( V  1 V,), yielding eq 1. Currently, the- 
ory does not evaluate f (T,4) ,  p ,  or A in molecular terms. 
These ideas can, however, be used, together with the notion 
that a polymer melt (like a very concentrated solution) 
is essentially a closely packed system of blobs: to con- 
struct a simulation model from which f (  T,4) can be eval- 
uated. 

The Monte Carlo Simulation Model 
In order to predict reliable structure-property relation- 

ships of polymers, a model must specifically account for 
chemical structure. Our model6 uses geometric and sta- 
tistical information for a particular chain through the 
RIS approximation' to produce Monte Carlo generated 
conformations of short segments of the macromolecule. 
The segment length corresponds to the average chain dis- 
tance between intermolecular contacts, i.e., portions of 
the chain that form individual blobs. 

The chain length associated with a blob can be inferred 
from the empirical findings of Fox et al.,' whose viscos- 
ity studies suggest that chain domains fail to overlap to 
some critical extent for polymers with less than 600 chain 
atoms. This value is viewed as an upper limit because 
scaling theory4 shows that the correlation length is pro- 
portional to the -314 power of concentration and, there- 
fore, the number of monomers per blob decreases even 
more rapidly, with the -514 power of concentration. Unfor- 
tunately, proportionality constants for these scaling rela- 
tionships are not known, preventing calculation of the 
number of monomers per blob at  a given concentration. 
Values of 10, 15, 20, and 25 were chosen for the degrees 
of polymerization of the chain segments used for the sim- 
ulations. 

A spherical cavity of free volume is assumed to exist 
on the midpoint of the segment's end-to-end vector (see 
Figure 1). After van der Waals radii were placed on the 
chain constituents, the size of the cavity is determined. 
Repeating this process for a statistically representative 
population (l0,OOO) of chain segments allows evaluation 
of the probability P ( r  I r,) of a chain having a cavity 
with a radius greater than or equal to a given value. Given 
the constraints of the model, this is equivalent to P( V L 
V,) in eq 6. 

A standard Monte Carlo techniqueS-l4 based on the 
RIS approximation was used to generate chain confor- 

f(T,d) = N( vl, 1 v, 
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Table I 
Free Volume Fractions for Poly(dimethylsi1oxane) (PDMS) 

and Poly(methylpropylsi1oxane) (PMPrS) 

815 

. .  - . .  - 
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Figure 1. Schematic depiction of a spherical cavity centered 
on the midpoint of the end-to-end vector of a hypothetical chain. 
A relatively low value (6) of the degree of polymerization was 
chosen for purposes of clarity. 
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Figure 2. In P(r I r,) versus r for PDMS with DP = 20. 
Data points (+) are from the simaation and the solid line was 
drawn from a least-squares fit to the data, ignoring rm3 5 0.5 
A3. 

mations with a specified degree of polymerization (DP). 
For poly(dimethylsi1oxane) (PDMS), the structure and 
conformational information needed for the RIS analysis 
were obtained from revious experimental and theoret- 

and the Si-0-Si and 0-Si-0 bond angle supplements 
are 37' and 70°, respectively. For purposes of illustra- 
tion, some calculations were done with both bond angle 
supplements arbitrarily set to 70°.6 The rotational states 
are located at 4 = 0" or trans, 4 = 120' or gauche+, and 
4 = -120°, or gauche-. The chain statistics for (atactic) 
poly(methylpropylsi1oxane) (PMPrS) are different than 
those for PDMS due to the larger pendant group. To 
account for this difference the method of Flory, Mark, 
and Abe was emp10yed.l~ All simulations were per- 
formed for a temperature of 300 K. 

Preliminary studies showed that the distribution of cav- 
ity sizes displayed little variation with the stereochemi- 
cal placements in either an isotactic, a syndiotactic, or 
an atactic sense. The results presented below are there- 
fore for atactic PMPrS only. Because the ring-opening 
polymerization process that produces PMPrS shows no 
preference for meso or racemic placements, a value of 
meso replication probability of 0.5 was assumed for Monte 
Carlo generation of these chains. 

Analysis and Results 
As seen in Figure 2, In P(r t r,,,) is a linear function of 

rm3 for values of rm3 > 0.5 A3. It was interesting to note 
that arbitrarily making both bond angles of a chain equal 
decreased the probability of a given hole size.6 This sug- 
gests that the significant differences in bond angles and 
the associated peculiarly curved trajectories5Jg actually 
occurring in siloxane polymers could be an origin of pack- 

ical investigations.si1 P The Si-0 bond length is 0.164 nm, 

DP" PDMS PMPrS 
10 0.0746 0.0610 
15 0.0885 0.0622 
20 0.118 0.0895 
25 0.129 0.109 

' Degree of polymerization. 

ing inefficiencies and thus increased free volumes. For 
this model the number density p of free volume cavities 
is unity so all that is required to obtain the free volume 
fraction f(T,$) is a value for the system volume V,. It is 
reasonable to take this to be the volume of a sphere with 
radius equivalent to the radius of gyration of the chain 
segment averaged over all generated conformations. 

Free volume fractions for PDMS and PMPrS were cal- 
culated from linear least-squares fits to the data (with 
rm3 I 0.5 A3 neglected) for DP = 10,15,20, and 25. The 
results are presented in Table I. Notice that for a given 
polymer f(T,q5) increases with increasing DP. Since DP 
corresponds to chain length between intermolecular con- 
tacts, a larger DP corresponds to a less dense polymer 
matrix in this respect. 

Also, for a given DP, PDMS has a significantly larger 
free volume than PMPrS. The effect on the diffusion 
coefficients can be crudely estimated by noting that D 
is proportional to exp[-B/f(T,$)] and assuming that both 
proportionality factors are the same and that both val- 
ues of B are the order of unity. With the exception of 
DP = 15, the results suggest that D for PDMS should 
exceed that for PMPrS by a factor approximately rang- 
ing from 4 to 20. For DP = 15, this factor is 120. At 35 
"C, the mutual diffusion coefficients for CO,, CH,, and 
C3Hs in PDMS exceed those in PMPrS by factors of 2.5, 
3.2, and 3.7, respectively. Thus, the calculated results 
are in semiquantitative agreement with experiment. Given 
the limitations of our treatment, for example, the neglect 
of the effect of adjacent chains on the cavity size, the 
results are quite encouraging. 
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ABSTRACT The molecular weights of three poly-4-BCMU samples were determined with a film balance 
technique by assuming near ideal behavior at low film concentrations. For the high, medium, and low 
molecular weight samples the number-average molecular weights were 410 000,300 OOO, and 66 000 g/mol, 
respectively. All three samples showed a monolayer/bilayer, yellow coil/red rod conformational change 
similar to those we previously reported;’ however, the low molecular weight sample initiated the compres- 
sional transition at a significantly lower area/residue than did either the medium or high molecular weight 
samples. This was interpreted to mean that the shorter chains in the low molecular weight sample had an 
increased number of semisoluble end groups. The visible absorption spectra indicated that while the low 
molecular weight sample underwent a yellow coil/red rod transition more readily and to a greater extent, 
the resultant red rod form was somewhat less organized. We have also made further comparisons of poly- 
3- and poly-4-BCMU. A reevaluation of the thermodynamics of the monolayer/ bilayer transition, as indi- 
cated by surface pressure/area per residue isotherms, using a modified Clapeyron equation, showed slight 
exothermicity and increasing order accompanying multilayer formation of red rod poly-4-BCMU. Reso- 
nance-enhanced, laser Raman spectroscopy clearly reveals that the upper layer of the condensed bilayer 
consists of the red rod form but that the residual lower layer remains in the yellow coil form. Transmis- 
sion electron microscopy of both poly-3-BCMU and poly-4-BCMU reveals a transition from a smooth sur- 
face in the monolayer region to one exhibiting numerous rodlike features in the transition region until in 
the condensed phase a more uniform but textured appearance is achieved. The effects of both solid and 
aqueous substrates were also examined. Deposition of monolayers of both polymers on hydrophobic solid 
substrates gave clear visible spectroscopic evidence of a small, partially induced coil to rod transition, in 
contrast to similar monolayers deposited on hydrophilic solid surfaces. Changing the pH and the addition 
of both sodium and calcium ions to an aqueous substrate also had significant effects. For poly-4-BCMU 
high pH (12.5) values resulted in an overall expansion for both expanded and condensed isotherm seg- 
ments. For poly-3-BCMU the condensed state was expanded but the expanded (monolayer) state was con- 
densed. A combination of ionization and hydrolysis was invoked for both polymers with ionization pre- 
dominating for poly-4-BCMU and hydrolysis playing a more significant role for poly-3-BCMU. Calcium 
ions were shown to greatly condense ionized films while high concentrations of sodium ions produced expan- 
sion. The latter resulted in nearly identical compressional isotherms for poly-3-BCMU and poly-4-BCMU, 
except for a shift of the highly sensitive transition region. 

Introduction 
Previously we have demonstrated that monolayers of 

both poly-4-BCMU1 [poly(dibutyl4,19-dioxo-5,18-dioxa- 
3,20-diaza-10,12-docosadiynedioate)] and poly-3- 
BCMU’ [poly(dibutyl 4,17-dioxo-5,16-dioxa-3,18-diaza- 
9,ll-eicosadiynedioate)] have surface pressure (*)-area 
per residue ( A )  isotherms exhibiting a phase transition 
tha t  incorporates a n  intramolecular conformational tran- 
sition from a n  expanded monomolecular amphipathic yel- 
low coil form to a condensed multimolecular nonamphi- 
pathic red or blue rod form. T h e  conformational transi- 
tion, from coil t o  rod, has been previously reported, both 
in solution and  solid-state films by others3-’ and  has been 
interpreted as representing a n  increased effective A- 

electron conjugation length along the  polymer back- 
bone. T h e  transition is brought about either by chang- 
ing the solvent toward a more nonpolar composition or 
by decreasing the  temperature. This  allows intramolec- 
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ular hydrogen bonding to take place between adjacent 
side groups of the  same polymer chain. 

In  this paper we report and compare the  monomolec- 
ular film behavior of high and low molecular weight (MW) 
poly-4-BCMU samples. We will see that these show sim- 
ilar but somewhat different behavior from that of a medium 
MW poly-4-BCMU1 through both a-A isotherms at the  
air/water interface and visible absorption spectra of Lang- 
muir-Blodgett (LB) transferred films. 

The  number-average molecular weights of high, low, 
and previously studied medium MW samples of poly-4- 
BCMU were determined by using a film balance and  a 
modified ideal gas law type equation, which applies at 
low surface pressures. A-A isotherms for medium MW 
poly-4-BCMU along with visible absorption spectra of 
LB transferred films are presented. Resonance Raman 
spectra of medium MW poly-4-BCMU transferred films 
provide complimentary evidence of the  coil to rod con- 
formational transition. 

T h e  relaxation observed between a continuous com- 
pression and a stepwise, “equilibrium” isotherm of poly- 
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