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Relaxation Dynamics of Langmuir Polymer Films: A Power-Law Analysis
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We report an experimental study on the mechanical relaxation of Langmuir films of a flexible
polymer: polyvinylacetate, a good example of a two-dimensional polymeric system at good-solvent
conditions. This study allows us to explore the dependence of the relaxation times and the surface
viscosity on the concentration. In the semidilute regime, both dynamical properties follow well-defined
power laws, which are in quantitative agreement with 2D reptation.
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Reptation theory was proposed 30 years ago by de
Gennes [1,2]. Since then, reptation has been one of the
most successful concepts in explaining polymer dynam-
ics in different contexts: physics, chemistry, and biology
(see Ref. [3] for a modern review). The key concept
underlying this theory is that a polymer chain diffuses
in a dense network of entanglements formed by the sur-
rounding chains. This motion takes place along a tube
defined by the topological constraints imposed by the en-
tanglements, resulting in a “snake-like” motion of each
chain along a path that follows its own contour [1-3]. A
huge experimental and theoretical effort has been devoted
to understand the effect of entanglements and the true
existence of tube reptation in 3D systems [3—5]. Many of
the experimental results have been found to be consistent
with the predictions of the reptation theory [3]. However,
little attention has been paid to the dynamics of flexible
polymers confined to two dimensions (2D) [6], e.g.,
Langmuir polymer films at good-solvent conditions. In
this case, the chains adsorbed at the air/water interface
(A/W) are assumed to be in a flat “pancake” conforma-
tion with most monomers adsorbed at the interface. Even
though the dynamics of Langmuir polymer films is rele-
vant to important practical processes (film deposition,
lubrication, emulsion, and foam stability) [7], or in
mimic systems of biological processes (transmembrane
transport [8], breathing [9]), this particular surface dy-
namics is still poorly understood in their microscopic
grounds. Moreover, the existence of entanglements in
Langmuir polymer films is still today a matter of con-
troversy and thus also the adequacy of the reptation
model. Recent studies on the surface shear viscosity of
Langmuir polymer films of poly(vinyl octanal acetal)
measured by a canal viscometer [10] and of polyisoprene
by an oscillating rheometer [11] show scaling when the
chain size N is increased, n; ~ N'. Although this result is
compatible with isolated chain Rouse-like self-diffusion,
it must be due to the rather limited range of studied N and
that the A/W interface is a poor solvent for both poly-
mers. Recently, Granick et al. have analyzed the diffusion
dynamics of isolated chains of polyethyleneglycol (PEG;

268302-1 0031-9007/03/91(26)/268302(4)$20.00

PACS numbers: 83.10.Kn, 62.40.+i, 68.18.—g, 83.60.Bc

M,, ranging from 2200-30500 g/mol, N ~ 100-700) ad-
sorbed onto a solid surface [12,13]. These experiments,
performed by fluorescence correlation, reveal a power-
law scaling of the center-of-mass diffusion coefficient,
D ~ N73/2. This scaling exponent is compatible with
reptation dynamics and stronger than the Rouse-like
relation D ~ Dy ~ N™! observed for charged, and
strongly adsorbed, semiflexible DNA chains obeying ex-
cluded volume statistics [14]. However, as early recog-
nized by de Gennes [15], this simple scaling law is not
itself a definitive piece of evidence of reptation in 2D
systems. Other possible dynamical transport models, as
sticking reptation or, more generally, reptation with in-
teractions, or less cooperative scenarios, as are the amoe-
balike or the hovercraft motion of more or less individual
pancakes, can also lead to the same mathematical result
(see Ref. [13] for a recent review). It is in this context
where the concentration dependence of the transport co-
efficients appears as a useful piece of information to
discriminate between these different transport mecha-
nisms. In fact, strong concentration dependencies are
usually obtained for highly cooperative motions such as
chain reptation with hydrodynamic interaction in good
solvents [13,15]. However, if the excluded volume inter-
actions are screened, the diffusion of a self-avoiding walk
(SAW) chain through a distance comparable to its own
size R, takes place during the Rouse time, Tgoye =
Ré /Dgouse» independently of the polymer concentration
I'. In the semidilute regime, and if chain entanglements
are present, reptation motion emerges; the characteristic
time depends then on both, N and I, following a remark-
ably simple scaling law independent of the dimensional-
ity d [15]:

7-rep(l-‘) ~ N°T. (1)

The famous N3 law, hypothesized by de Gennes for
polymer solutions of very long molecules (N — o0) is still
today a subject of controversy [3]. Most experimental
work in 3D confirms stronger dependencies of the termi-
nal relaxation times, 7., ~ N4, due to finite size effects,
sliding entanglements, and interactions [3,15]. For 2D

© 2003 The American Physical Society 268302-1



VOLUME 91, NUMBER 26

PHYSICAL REVIEW LETTERS

week ending
31 DECEMBER 2003

systems, and, in particular, for Langmuir polymer films,
it is customary to use power-law analysis to explain
experimental equilibrium [16—18] and dynamic [19] re-
sults. These power laws are interpreted as an indirect
signature of the existence of a correlation length ¢ related
to the size of the pancake segments between entanglement
points, the blobs in 3D systems [7,16—19]. In fact, scaling
is based on the notion that a meshlike network of en-
tangled chains is characterized by a length scale & which
represents the mean distance between entanglements, i.e.,
the size of a blob, or a pancake segment in 2D. For
polymers long enough, this characteristic length of the
semidilute state is independent on the chain length N
(N = 100) [3]. Furthermore, it decreases with the film
polymer concentration I" following a scaling law with the
Flory exponent v [at d = 2 and good-solvent conditions:
v=23/(d+2)=3][1

é‘_‘ - F*V/(Vd*l) — 1"73/2' (2)

It should be stressed that a finite thickness /z, comparable
to the pancake size but smaller that the chain size (h ~
¢ < Rp), is necessary in order to have entanglements in
semidilute Langmuir monolayers, i.e., strictly speaking,
the considered polymeric system is not 2D, but quasi-2D.
From a dynamical point of view, polymer motion in the
semidilute regime is viewed as the surface diffusion of a
chain. Two time scales appear in this scenario: a short
time scale characterized by Tgqyue, 1.€., the characteristic
scale over which an unconstrained pancake of size &
equilibrates, and a long time or reptation scale charac-
terized by the reptation time, 7., over which the center
of mass of the polymer chain diffuses through the tube.
At this long-time scale, the whole chain moves a mean
distance comparable to its radius of gyration R; ~ aN”
(a being the monomer size). In the primitive model, de
Gennes states that this cooperative motion takes a time
Trep = Ré / D.p, governed by D, the cooperative diffu-
sion coefficient for the reptation motion. Surprisingly, the
above-mentioned experimental results obtained by
Granick’s group for the diffusion dynamics of isolated
pancakes of PEG at good-solvent conditions (D ~ N~3/2)
seem to support the validity of the N3 law in two dimen-
sions. Specifically, since R; ~ N** for the considered
2D-PEG system, it follows that 7 = R%/D ~ N3. The
reptation picture must be modified if hydrodynamic in-
teractions are considered [15]. In this case, the monomer
mobility decreases and, as a consequence, the character-
istic time for reptation motion strongly increases with
polymer concentration. Now, for 2D chains at good-
solvent conditions and if the N3 dependence is assumed,
the I' dependence of 7, is given by [12,15,20]:

7'rep(l_‘) ~ N°T3. (3)
Now, the strong dependence 7, ~ I’ is in clear contrast
with the weaker dependence 7., ~I' predicted for

SAW chains moving without hydrodynamic interaction
[see Eq. (1)].
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Therefore, in order to test for the I' dependence of the
relaxation dynamics of two-dimensional polymer solu-
tions at good-solvent conditions, we report in this Letter
an experimental study on the mechanical relaxation of
Langmuir films of atactic polyvinylacetate (PVAc,
Polysciences, Germany, M,, = 90000 g/mol, N = 1045,
M, /M, ~ 1.04). A few ul of a chloroform solution of the
polymer (ca. 1 mM) were spread at the A/W interface
with a Hamilton syringe. I' is changed by subsequent
additions of this solution. Times ranging 5—50 min were
allowed for solvent evaporation and equilibration. Figure 1
summarizes the equilibrium properties of this system.
The A/W interface has been found to be a good solvent
for this polymer at room temperature (v = 0.78 £ 0.03 as
obtained from the II ~ kzT /&% ~ I'?*/2*=1 dependence
in the semidilute regime), i.e., the system is viewed as a
2D solution of flexible chains in extended conformation
[21,22]. The overlapping concentration was found at ['* =
0.15 mg/m? (II* = 0.5 mN/m), corresponding to the
crossover between dilute and semidilute regimes. Since
I =M,/N,,7R%, one obtains R, = 18 nm, in rough
agreement with the value obtained from the Flory for-
mula (2R, = Ry = aN** ~ 42 nm with N = 1045 and
a = 0.23 nm [23]). The semidilute regime extends from
I'* to I'"™ = 0.95 mg/m? (II** = 17 mN/m), where the
concentrated regime is entered (the film becomes a poly-
meric melt). Surface rheology has shown relatively low
values of the elasticity modulus (¢ ~ 0-25 mN/m) and
very high values of the dilational viscosity « in the semi-
dilute regime [24]. These parameters are characteristic of
a very viscous 2D gel. This behavior makes this gel-like
polymeric system suitable to study chain relaxation from
mechanical deformation experiments. The experiments
were performed in a Langmuir trough (KSV, Finland;
total area A, = 243.8 cm?). The stress relaxation o(z) is
recorded as a function of time ¢ after a sudden uniaxial
in-plane compression is performed with the barriers
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FIG. 1. (a) Equilibrium surface pressure II-I' isotherm
of PVAc spread in a Langmuir film at 7 = 25.00 £ 0.01 °C.
(b) Equilibrium elasticity g, = I'(dI1/dl’); as obtained from
the II-I" isotherm plotted in (a).
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FIG. 2. Relaxation of the surface pressure in a typical step-
compression experiment of a Langmuir film of PVAc (I' =
0.5 mg/m? at 25°C; surface dilation: —AA/A = AT/T =
0.092). Any relaxation curve whose final state II,(t — o0)
was different than the one corresponding to the equilibrium
isotherm in Fig. 1(a) was rejected.

[24,25]:
o(t) = All(r) = II,(r) — 11, “4)

Here, the surface pressure (after the compression)
I1,(r) = yo — ¥ (y being the surface tension and 7y,
that of the bare subphase) relaxes with respect to its
initial value in the unperturbed state II, (see Fig. 2).
Since ca. 2 s are necessary to perform a compression,
the o () measurements are limited to t > 5 s. The com-
pression ratio was adjusted at a 9.2% of the initial area A.
It was checked that, at this strain, the viscoelastic re-
sponse is linear [26] and the signal-to-noise ratio of the
recorded signal high enough (see Fig. 2).

We have performed relaxation experiments at 20 dif-
ferent surface concentrations I' ranging from the dilute
regime to the concentrated one. No stress relaxation was
observed in the dilute regime [o(¢) = const at I' <I™ =
0.1 mg/m?]. This points out that no slow collective mo-
tions exist when the polymer chains remain isolated. At
higher I' (=I"*) a nice exponential-like relaxation is
observed:

o(t) = oge” /™. (5)

In this equation, 7 is the relaxation time, and o is the
amplitude of the relaxation, which can be obtained from
the raw I1(7) data (see Fig. 2)as oy = o(t = 0) = II,(r =
0) — I, (r — o).

Figure 3 shows the exponential character of three of the
experimental relaxation curves, as expected from the
linear-response theory of viscoelastic fluids at small
strains.

268302-3

0 200 400 600 800 1000

FIG. 3. Stress-relaxation curves of PVAc monolayers at T =
25°C and at I' = 0.3 (0J), 0.6 (O), and 0.8 mg/m? (A). The
relaxation times 7 are obtained from the slopes of these
linearized In(o /o) vs time plots.

From the slope of these plots, the relaxation times can
be easily obtained. The viscoelastic moduli € and « can be
also calculated as [25]:

_ 2] _ _ 0Oy
€ T T AA/A

_AA/A’ T=¢T. (6)
Here, the dilational elasticity & represents the instanta-
neous elastic response of the film, and the dilational
viscosity « is the responsible of its friction delay.

Figure 4 shows the I" dependencies of the relaxation
time and the dilational viscosity. These plots show a
crossover from an individual-like behavior to a strong I
dependence just at I' = I'*. The mechanical-relaxation
time follows a power-law 7~ I'*20=001 "in very good
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FIG. 4. (a) Power-law behavior of the experimental relaxa-

tion times obtained from the mechanical relaxation experi-
ments of the PVAc films. Arrows indicate that there is no
experimental accuracy for the relaxation times lower than
some seconds; the true value could be lower yet. (b) Power-
law behavior of the dilational viscosity as obtained from the
relaxation times and amplitudes [see Eq. (7)].
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agreement with the theoretical prediction for 2D reptation
in semidilute solutions at good-solvent conditions [see
Eqg. (3)]. The molecular mobility at I'* is expected to
be Dj = kgTB = kgT/6mmoRr ~ 1078 cm?/s (Rp =
2R, = 36 nm, Dy ~ Dj/N ~ 107" cm?/s), thus the
relaxation time of one individual chain moving a distance
equal its own size is 7 = R%/Dj .. ~ 1 8, also in rough
agreement with the data in Fig. 4(a). The dilational
viscosity [Fig. 4(b)] is below the experimental sensitivity
in the dilute regime. In the semidilute regime, it strongly
grows as ko~ I'®1=%1 in good quantitative agreement
with the scaling prediction at good solvents [15] (for
d=2):

Ko ™~ &Trep ~ kg—zTTrep ~ N3T°. @)
It must be stressed that other less cooperative scenarios
than reptation in good-solvent conditions, such as ideal
reptation or amoebalike motion, lead to weaker I" depen-
dencies of the viscosity; note that from Eq. (1), one has
Ko~ eT ~ N3T*.

As a final comment, we must remark that, in the con-
centrated regime, both the relaxation time and the dila-
tional viscosity decrease strongly. Here, and as a
consequence of the decrease of ¢ with I, the blob size
probably falls below a critical value to support enough
entropic elasticity [see Fig. 1(b)]. As a consequence, the
blob mobility increases, and both 7 and « decrease [27].
From the present data, a general conclusion can be stated:
The self-consistent set of power laws for the I' depen-
dence of the dynamical parameters 7 and «, derived from
the reptation theory of semidilute 2D-polymer solutions
at good-solvent conditions is compatible with the
mechanical-relaxation behavior observed in Langmuir
films of a flexible polymer, such as PVAc. This was the
main and general objective stated in the introduction of
this Letter: to find a piece of evidence for the compati-
bility of the polymer film dynamics with the I" depen-
dencies expected from the de Gennes theory. It is
necessary, however, to clarify the scaling behavior of
the dynamical properties in terms of the molecular
weight and it will be the subject of future work.
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