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dimers such as the ones studied here. It is reasonable to 
think of Si-0-Si inversion as a process by which excimer 
nonradiative decay may take place. 
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ABSTRACT: Surface pressure ?r has been measured as a function of surface concentration for poly(phe- 
nylmethylsiloxane) liquids, M, = 1470,2240, lO 560, and 19 500, spread at the water-air interface a t  22.8 "C. 
For the two fractions of least molecular weight, the surface pressure was independent of concentration at 
submonolayer coverages, reflecting phase equilibria between aggregated and gaseous molecules. For these 
fractions ?r rose abruptly a t  a concentration consistent with estimates of full monolayer coverage and the transition 
was smooth to multilayers and eventually to films of macroscopic thickness. However, the two fractions of 
highest molecular weight did not spread. A desorption, or drying, transition appeared to occur with increasing 
molecular weight. 

Introduction 
The desire to study two-dimensional systems motivates 

studies of insoluble monomolecular films at  the water-air 
interface.' Surface pressure T, the amount by which the 
liquid's surface tension is reduced by presence of film, is 
measured relatively easily and is analogous to the osmotic 
pressure characteristic of three-dimensional systems. 
Much interesting phase information has long been avail- 
able concerning monolayers of small surfactant molecules 
(consisting of a polar head and a hydrocarbon tail) but less 
for amorphous, uncharged polymers because few synthetic 
polymers* spread to form insoluble monolayers at  the 
water-air interface. 
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Original studies with polymers3 emphasized dilute con- 
centrations, where a depends on the density of molecules; 
the interest was to determine the molecular weight and 
the second virial coefficient. More recently, more attention 
was paid to a region of much higher concentrations, where 
surface pressure is found experimentally to rise as a power 
law in the surface concentration and to be independent 
of molecular weight; this transition region has been in- 
terpreted as a "semidilute" region of concentration in two 
 dimension^,^^^ although this interpretation has been 
questioned.2 At  high surface concentrations there begins 
a plateau region of relatively constant surface pressure, 
generally interpreted to reflect "collapse" of the monolayer 
to the three-dimensional state. 

The study reported below concerns a polymer that has 
not been studied previously, poly(phenylmethylsi1oxane). 
One purpose of the study was to obtain additional data 
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Table I 
Characterization of the Poly(phenylmethylsi1oxane) 

Samples 
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code Mn Mw/Mn code Mn Mw/Mn 
1470 1.09 C 10560 1.16 
2240 1.08 D 19500 1.12 
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Figure 1. Surface pressure at 22.8 " C  plotted against surface 
concentration of polymer: open circles, polymer A; filled circles, 
polymer B. 

on the phase behavior of an uncharged polymer at  sub- 
monolayer coverages. A second purpose was to investigate 
the passage from the monolayer state to multilayer and 
eventually to truly three-dimensional states. This in turn 
is connected to questions of wetting, which have been of 
recent renewed in te re~t .~? '  

Experimental Section 
Experiments were performed at the University of Illinois. The 

traditional Wilhelmy plate method was used to measure surface 
pressure. The resolution in A was 0.01 dyn/cm. A sand-blasted 
platinum foil 2 cm long was flamed and then suspended with one 
end in the water and the other end hanging from a Sartorius 1712 
electronic balance. The water was distilled and deionized before 
use. Experiments were performed inside a Teflon trough inside 
a thermostated chamber. Polymer solutions were prepared by 
weight in distilled chloroform or benzene (findings were the same 
using either solvent), and A was inferred from lessened vertical 
force per length after the f i s  were spread. Surface concentration 
was controlled by adding film solution at fixed surface area; this 
has advantages over the compression method, in regard to making 
equilibrium measurements when the surface coverage is high, 
because it avoids metastable compression of the film. That 
polymer did not dissolve was inferred from stability in the readings 
of A after the solvent had evaporated (2 min). To test the reli- 
ability of the Wilhelmy plate measurements, the film was spread 
on one side to c > 0.2 pg/cm2, baked talc powder was sprinkled 
on the clean water side, and finally the thread was lifted rapidly. 
The powder was swept to the sides of the trough by film, verifying 
that the finite A reported below was not an artifact of altered 
Pt-water contact angle. 

The linear poly(phenylmethylsi1oxane) (PPMS) was synthesized 
at the University of York and was methyl-terminated. The 
synthesis, fractionation, and characterization procedures have been 
reported.**B Proton NMR shows the PPMS fractions to be ste- 
reochemically atactic.'O Table I lists the number-average molecular 
weights M ,  and the ratios Mw/M,,  of weight-average to num- 
ber-average molecular weight for the samples used in this study. 

Results 
Results a t  submonolayer coverage and just above are 

illustrated in Figure 1. Even the highest surfaces pressures 
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Figure 2. Surface pressure at 22.8 "C plotted against area per 
polymer segment. Points same as in Figure 1. Arrows indicate 
re measured separately. 

are exceptionally low, approximately one-tenth those 
typicaP5 of spread polymer films. For polymer B (M,  = 
22401, no surface pressure was detectable for a considerable 
range of surface concentration, but then x jumped ab- 
ruptly. For example, A = 0.00, 0.07, and 0.30 dyn/cm at  
c = 0.0936,0.0948, and 0.0957 bg/cm2, respectively, so that 
the step, though not strictly discontinuous, had a slope of 
about 150 on a log-log basis. The precise concentration 
at  the step usually differed in separate experiments, 
ranging from 0.095 to 0.100 bg/cm2; this is believed to 
reflect the difficulty of achieving complete spreading to 
the two-dimensional state. For polymer A ( M ,  = 1470) 
the step in A was also abrupt but occurred at the somewhat 
lesser concentration of 0.085-0.088 pg/cm2. In addition, 
for this species of least molecular weight, x was de- 
monstrably finite even at lesser c, where a surface pressure 
A = 0.02 f 0.01 dyn/cm was barely measurable. At  a 
concentration just below the step in A, this is 2 orders of 
magnitude less than the ideal gas prediction, x = cRT 
(=1.4 dyn/cm). 

Results for polymers A and B including regions of still 
higher coverage are shown in Figure 2. Surface coverage 
is represented now as specific area per segment, A (pro- 
portional to l /c) .  Past the step, surface pressure rises 
monotically, while the surface elasticity -&/a In ( A )  (not 
shown) diminishes monotonically. The curves extrapolate 
to re, the equilibrium film pressure measured independ- 
ently when undiluted polymer was placed onto the surface 
in quantity sufficient to form a film thousands of ang- 
stroms thick. For small surfactant molecules, x,  reflects 
lenses or crystals in equilibrium with a monolayer.' That 
this was not the case here emerged when the films were 
visualized by sprinkling them with small inert particles of 
talc. Whenever undiluted polymers A and B (but not C 
or D) were added, no matter how much had been added 
previously, the talc was swept to the sides of the trough. 
Films of polymers A and B appeared to cover the entire 
surface with contact angle 19 = 0; i.e., the films appear to 
have wet the water substrate. 

The behavior of polymers C and D was decidedly dif- 
ferent. In experiments where a large excess of undiluted 
polymers C and D was deposited onto water by pipette, 
no surface pressure could be detected, and these liquids 
of low viscosity visibly formed numerous lenses. 

To test whether failure to observe spreading of polymers 
C and D might stem from lack of equilibration (long 
equilibration times have been reported for spreading of 
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poly(dimethylsi1oxane) melt"), other attempts were made 
to deposit these polymers from spreading solution. Under 
this condition, spreading is known to occur on the scale 
of minutes. Even poly(dimethylsi1oxane) of molecular 
weight as high as 9 X lo6 spreads rapidly from solution.2 
No surface pressure was detected. Unfortunately, from 
the present experiments one cannot determine whether 
polymers C and D failed completely to spread a t  the 
water-air interface or whether an equilibrium was estab- 
lished between lenses and a monomolecular film of ex- 
ceedingly low (a < 0.01 dyn/cm) surface pressure. 

Discussion 
Submonolayer Coverages. To what should one at- 

tribute the step in a? This step occurred at  26.1 f 0.5 
A2/segment for polymer A and 23.2 f 0.6 A2/segment for 
polymer B. These areas are consistent with estimates of 
the close-packed area per segment using molecular models. 
We note, however, as emphasized elsewhere,12 that such 
estimates are inevitably uncertain quantitatively in view 
of the unknown extent to which the monolayers are strictly 
two-dimensional and the unknown compressibility of a 
two-dimensional layer. However, from scaling considera- 
tions, a rise in a occurs a t  the concentration of average 
overlap between two-dimensional (2D)  chain^.^ As noted 
below, the density of these aggregated chains is expected 
to be that of chains in the 2D melt, a condition under 
which a step in a4 is predicted. The two-dimensional 
version of the Flory-Huggins theory13 will also predict, if 
the interaction parameter is so large as to result in two- 
dimensional phase separation, an abrupt rise in a a t  the 
close-packed area. Thus it is probable that the area at  the 
step does correspond to close-packed coverage. 

The different numerical areas at  the step may be owing 
to molecular weight distribution in polymers A and B. 
Since it is known that polymers C and D failed to spread, 
to the extent that polymers A and B also certainly con- 
tained a minority of species of long chain length, reflecting 
molecular weight distribution, these also may have failed 
to spread. This would be a larger influence for polymer 
B than for polymer A because of the difference in average 
molecular weight. 

The phase diagram a t  submonolayer coverage appears 
to be as follows for polymer A and B. Monolayers must 
be gaseous when sufficiently dilute.' A phase transition, 
from the gaseous state to an equilibrium between the 
gaseous and 2D aggregated state, occurs then a t  low 
coverage-unfortunately, with a too low to be measured. 
The phase equilibrium is manifested as constant a as the 
surface coverage is raised. At full monolayer coverage there 
exists a continuous 2D liquid film, whose low compressi- 
bility is manifested as the step in a. Thereafter the path 
is continuous to a film of macroscopic thickness. Owing 
to insolubility of these polymers in the water substrate, 
the films form multilayers in the air direction rather than 
dissolve into the water as does12 water-soluble poly- 
(ethylene oxide). 

On the other hand, the fact that a = 0 (within experi- 
mental resolution) at  all concentrations for the two species 
of higher molecular weight suggests that they did not ad- 
sorb to the water substrate. The picture thus emerges that 
in this system the polymer-polymer interactions are far 
stronger than the polymersubstrate interactions (leading 
to collapse of polymers C and D and aggregation of poly- 
mers A and B), yet the polymel-substrate interactions are 
barely sufficient, for polymers A and B, to induce wetting. 
These essential features describe the weak-substrate sys- 
tem, considered, for a lattice gas, by Pandit and co-work- 
em6  
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More Than Monolayer Coverage. We have shown in 
Figure 2 the smooth passage from submonolayer coverage 
to a film of effectively infinite thickness, as indicated by 
the smooth rise in the surface pressure. This is the sig- 
nature of a film which "wets" the ~ u b s t r a t e . ~ ~ ~  Qualita- 
tively, this behavior reflects adsorption of the spreading 
liquid to the interface, even when this means adsorption 
onto other molecules of the same kind. This contrasts with 
the behavior of more common surface-active molecules, 
such as long-chain alcohols and fatty acids (both liquid and 
crystalline'), for which layers beyond the monolayer do not 
form. In those systems, if the total mass on the surface 
is increased to a level too high to sustain a single mono- 
layer, the system partitions so that there is coexistence 
between the monolayer and crystals or lenses. In those 
systems, the surface pressure does not rise even though 
mass is added to the surface. 

As noted by Wortis,14 it is peculiar that we fail to see 
a coexistence between monolayer and multilayer after the 
step. This would be reflected in a second zone of constant 
a. Such a plateau zone indeed characterizes poly(di- 
methylsiloxane),2 and it is interesting to speculate why it 
is not found for PPMS. One interesting po~sibility'~ is that 
when the monolayer reaches a state of high pressure and 
surface coverage, there occurs a reorientation of the 
molecules to form a distinctly new phase upon which ad- 
ditional molecules can then grow continuously. If this 
transition is an internal order parameter of the film were 
second-order, there would be no requirement for coexist- 
ence of phases at constant a. The present thermodynamic 
experiments cannot, of course, provide direct evidence of 
such a steric transition. 

We note, following C~hen-Stuart, '~ that the discrepancy 
between ae and a in the multilayer region reflects the 
disjoining pressure16 between the water and air interfaces, 
i.e. the interaction between these interfaces with confined 
PPMS in between. This aspect of the experiments is under 
continuing investigation, and no quantitative explanation 
is attempted a t  the present time. 

The physical significance of ae remains to be discussed. 
We recall that experimentally, the determination of a in- 
volves measuring the reduction of surface tension of water 
covered by the polymer film from that characteristic of the 
bare water-air interface. When a film of effectively infinite 
thickness covers the water, the inferred ae is characteristic 
of a film with two well-defined independent interfaces, 
water-polymer and polymer-air. Let us define u W - ~ ,  U W - ~ ,  
and uP-A to be interfacial tensions of the water-air, 
water-polymer, and polymer-air interfaces, respectively. 
Then from the method of measurement, it follows by 
definition that 

re = CJW-A - [aw-p + ap-A] (1) 
The right-hand side of this equation is of course also an 
expression for the well-known spreading coefficient S.'s7 
S > 0 corresponds to complete wetting and S < 0 to partial 
wetting, i.e. lens formation. The equilibrium film pressure, 
from a film of effectively infinite thickness, is thus iden- 
tified with the spreading coefficient. Equation 1 provides 
a method to determine the spreading coefficient without 
knowing all the quantities on the right-hand side of eq 1. 

Evidently, ae and therefore also S decreased with in- 
creasing molecular weight. This spreading transition, 
which might be studied in detail if it were possible to vary 
the molar mass with more finesse, would then represent 
a noncritical drying i.e. a transition from 
preferential wetting of water by polymeric liquid, to its 
preferential wetting by air. We conjecture that the ob- 
served decrease of ae with increasing polymer molecular 
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weight could be a natural corollary of the theoretical ex- 
pectation” that polymer interfacial tension, i.e. surface free 
energy, should increase with increasing chain length (owing 
to entropic constraints at the surface). Data do not appear 
to be available for uw-p, but this has long been known to 
occur for 

In summary, a phase diagram not previously reported 
for amorphous polymers a t  submonolayer coverage has 
been described. A spreading transition was observed with 
increasing molecular weight. 
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ABSTRACT The dynamical structure factor of a solution of rodlike polymers, recently derived by Doi, Shimada, 
and Okano ( J .  Chem. Phys. 1988,88, 4070), was rewritten in matrix form, the evaluation of which is quite 
easy and straightforward. With this formulation, it is possible to compute the dynamic light scattering spectrum 
of rigid rod suspensions in the entire region of k, t ,  and v, where k is the scattering vector, t the delay time, 
and v the number concentration of the rods. Results of numerical computation show that the excluded-volume 
interaction affects only the spatially long and temporarily slow modes of fluctuation in the solution and suggest 
that it is necessary to generalize the osmotic virial coefficient A2 89 a function of kL, where L is the rod length. 
The present analysis raises the possibility of studying the concentration dependence of DII, D,, and D, 
individually, where Dll and D ,  are self-diffusion coefficients for the lengthways and sideways translation of 
a rod, respectively, and D, is the rotational one. 

1. Introduction 
When we theoretically construct the dynamic light 

scattering (DLS) spectrum of rod suspensions a t  finite 
concentration, we have to take into account the transla- 
tion-rotation coupling of rod diffusion and various types 
of rod-rod interactions: In general, the translational and 
rotational diffusive motions of a rod in solution are coupled 
with each other, because the friction constant parallel to 
the rod axis is smaller than that perpendicular to the axis. 
When the rod concentration increases, we can no longer 
neglect such types of rod-rod interactions as the exclud- 
ed-volume interaction (the steric repulsion and van der 
Waals attraction between polymers), the entanglement 
effect (the topological constraint that filaments cannot pass 
through each other), and the hydrodynamic interaction. 

Doi, Shimada, and Okano’ (DSO) recently studied the 
dynamics of rodlike polymers in solution under the influ- 
ence of other polymers, taking all the above four factors 
into account: They started from a kinetic equation for the 
average number density f(r, u, t )  of rods, where r is the 
position vector of the center of a rod and u the orientation 
unit vector of the long axis of the rod. The equation they 
adopted is the one that expresses the coupled diffusion of 
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the translation and rotation of a rod: 

df = -[DII,ouu a + D,,o(I - uu)] at ar 
r 

where Dil,o and DL,o are the lengthways and sideways 
translational diffusion coefficients, respectively, h is the 
potential of an external field, Dr,o is the rotational diffusion 
coefficient, and R the rotational operator. The subscript 
0 of DI,o, DI,o, and Dr,O denotes zero polymer concentra- 
tion, and since eq 1 includes no interactions between rods, 
it holds only in the dilute regime. 

Next, they took into account the excluded-volume effect, 
using the mean-field approximation. Let W(r - r’, u, u’) 
be the interaction potential between two polymers in the 
configurations (r, u) and (r’, ut). In the mean-field ap- 
proximation, the molecular field for a polymer in the 
configuration (r, u) is written as 

Wr, u, t )  = Jdr’ I d u ’  W(r - r’, u, u’)f(r’, u’, t )  (2) 
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