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Dilatational rheology of insoluble polymer monolayers: Polyvinylacetate)
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The dilatational rheology of the pdlyinylacetat¢ monolayer onto an aqueous subphase with=2.0 has
been studied between 1 °C and 25 °C. The combination of several techniques, relaxation after a step compres-
sion, oscillatory barrier experiments, electrocapillary waves, and surface light scati®tiBg by thermal
capillary waves, has allowed us to explore a broad frequency range. The relaxation experiments show multi-
exponential decay curves, whose complexity increases with decreasing the temperature. A regularization tech-
nigue has been used to obtain the relaxation spectra from the relaxation curves and the dilatational viscoelastic
parameters have been calculated from the spectra. The oscillatory barrier experiments confirm the results
obtained from the step compression experiments. The dilatational viscosity increases very steeply in the
frequency range 0.1-0.001 Hz. The shapes of the relaxation spectra follow the qualitative trends predicted a
model recently proposed by Noskp®olloid Polym. Sci273 263(1995]. The temperature dependence of the
fundamental relaxation time follows a Williams-Landel-Ferry equation above 14 °C. These results correspond
to the many-chain dynamics regime. The kilohertz region has been explored by the SLS technique. These
results are compatible with the existence of a single Maxwell mode, with a relaxation time that has an
Arrhenius-type temperature dependence. In the intermediate-frequency reéldiniéz to 2 kHz a further
Maxwell process is found. It might correspond to the dynamics of loops and tails out of the surface plane.
[S1063-651%98)08012-X

PACS numbe(s): 68.10.Et, 05.70.Fh, 62.18s, 64.70.Dv

I. INTRODUCTION nents. The elastic constant for the capillary motion is the
surface tensiony, while for the second it is the dilatation
Ordered thin organic films with varying thickness from elasticity e. The latter modulus depends upon the stress ap-
monomolecular layer dimension@ few nanometejsto plied to the monolayer. For a uniaxial stréss it is the case
multilayer arraysthundreds of nanometérare of consider- for capillary waves or for compression in a single barrier
able technological interest in processes such as the fabrickangmuir trough the dilatational modulus is the sum of the
tion of Langmuir-Blodgett(LB) [1] films or synthetic ana- Ccompression and shear modii
logs of biological membrandg]. It is well known that the
starting point of any LB film is a stable fluid monolayer. The F=K+ion, (1)
ability to optimize the equilibrium and dynamic properties of
a given monolayer is determinantal for its successful depo-

sition onto solid substrates. More specifically, Buhaenko and E(w) = tes~ertiok,

Richardsor 3] have clearly shown that the surface rheology

of monolayers plays a key role in the LB deposition process. Elastic Viscous
Despite its obvious importance, neither a theoretical nor a Parameter  Faramelec

phenomenological framework exists that correlates the equi- } ! ) }

librium structural properties with the dynamical rheological ' | é, 4> A W

ones of monolayers. This is especially important in the case
of polymer substances since, when spread onto aqueous sub
phases, they can form very stiff and extremely viscous
monolayers that can be considered as two-dimensional vis-
coelastic fluids.
If a polymer film is viewed as a macroscopic viscoelastic == - ~—<L <J> tJ> <L0 € *
continuum medium, several types of motion are posgible
As shown in Fig. 1, we may distinguish two main types:
capillary (or out of plang and dilatationalor in plang [5].
The first one is a shear deformation, while for the second one
there are both a compression-dilatation motion and a shear 5 JJLJj
motion. Since dissipative effects do exist within the film, .- S «% g b o~ € s
each of the motions consists of elastic and viscous compo-

FIG. 1. Sketch of different surface relaxation modes and the
* Author to whom correspondence should be addressed. corresponding viscoelastic parameters. Adapted from Kawaguchi

Electronic address: RGRUBIO@eucmax.sim.ucm.es [5].
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Fs=Stiwys, kept constant within=0.1° at the same temperature of the
measurements. The box has two optical windows for the

wherew denotes the angular frequency and s are the  light-scattering experiments.
loss components of the compression and shear motions. For the equilibrium measurements, the spreading solution
Hereinafter we will refer tae and  as the dilatational elas- Was slowly applied by a microsyringe at different places onto
ticity and viscosity, respectively. the surface. The surface concentration was changed by sub-
Shear viscosity has certainly been the most intensivelgequent additions of the polymer solution. Times ranging
investigated property4,7]. Although dilatational viscoelas- from 15 to 50 min were allowed for solvent evaporation and
ticity seems rather to be the dominant property in interfaciakequilibration. The surface pressudd was continuously
hydrodynamicg8], there are relatively few studies on dila- monitored and the equilibrium value was taken only whEn
tational properties of insoluble monolayers over broad freyemained constant for at least 20 min. The surface of the
quency ranges. subphase was swept with the barriers until the expected sur-
There are several experimental techniques suitable foface tension was obtained. In order to ensure that the spread-
studying z. In the present work we will make use of ing solvent did not add any significant impurities, blank ex-
four: (a) relaxation after a sudden compression of theperiments with the solvent were done before forming a
monolayer, (b) an oscillatory barrier,(c) electrocapillary monolayer.
waves, andd) _Iight scattering by ther_mally excite(_d capillary Each reading of the surface pressure was determined
waves. The first two techniques will be used in the low-yithin +10 uN/m, although the repetitivity under small cy-
frequency rangeébelow 1 H2, the third between 10 Hz and ¢jic changes of the position of the barriers was arodr&0

1 kHz, and the last one in the kilohertz range. ~ uN/m. The stability of the subphase temperature was better
The rest of this paper is organized as follows. Section lknan +0.05°.

gives experimental details of the chemicals and the experi-
mental techniques. Section Il contains the results and a dis-

- . . - . C. Step-compression experiments
cussion. Finally, Sec. IV summarizes the main conclusions. P P P

The step-compression experiments were carried out in the
Langmuir trough by moving the barrier under computer con-
II. EXPERIMENT trol after the desired surface concentratibg had been
A. Chemicals reached and the equilibrium value Bf obtained. In these
experiments the area changé was kept below 10% of the

(Gepr?#ﬁ\éyﬁltaﬁzga?l\ﬂvgzscuIg?ﬁg?sﬁdoff;%rgog glg/jcgen(;e_s total area. The time necessary to make such change was
) L7 gn U poly slightly less than 1 s. Readings at constant intervals of 1 s
dispersity index of 1.3. Test experiments with a monodis-

erse samplépolydispersity index 1.08ead to comparabl were taken until the equilibrium value ofF at the final value
E It Thp ry diFr)1 yl tion w. mixtur p;aba € of the area was reached. A relaxation curve was acceptable
esufts. 1he sprea g solution was a ure o enzengnly if the initial and final values ofl were in agreement
plus tetrahydrofurané€s:1) and had a concentration close to

3 with the corresponding equilibrium values. The results re-
10 . Tne solvrts vere purchza fom Caro BBEE. v e uerage of a ot e et cunes

. ree within their combined experimental uncertainties.
surface tension of the solvents was measured by the plat%g P

method in order to be sure that they did not have significant
amounts of surface active impurities. Good agreement was
found between the values measured and those reported by These experiments were carried out by inducing an oscil-
Jaspef9]. Before preparing the spreading solution, the poly-latory movement at the barrier. They were performed at con-
mer was dissolved in tetrahydrofurane and filtered througlstant barrier speed and the frequency was varied by changing
0.5-um Teflon membranes. Double distilled and deionizedthe maximum area chang®A. In our setupAA/A, ranged
water from a MilliQ-RG system was used. Its resistivity was from 0.2% to 12%A, being the initial area. For an experi-
always higher than 18 ¥ cm 1. The subphase giH=2.0  mental result to be accepted, the value§lait the minimum

D. Oscillatory barrier experiments

was obtained by adding a CIH solutidAldrich, USA). and maximum values of the monolayer area had to coincide
with the corresponding equilibrium values within their com-
B. Langmuir trough bined uncertainties.

The monolayers were formed on a commercially available
Teflon Langmuir troughKSV Instruments Minitrough, Fin-
land) with a computerized control. A Pt-Wilhelmy balance  The technique used is similar to that described by Ito
was used as a surface pressure sensor. Polyoxymethyleaeal. [10] and Jayalakshmi, Ozanne, and Langeit]. In
(Delrin) barriers were used. The whole setup was enclosed ithis technique surface capillary waves in the frequency range
a box through which a small flow of filtered,Nvas main- 20 Hz to 2 kHz are produced at the air-liquid interface upon
tained. A Petry cell containing subphase was placed insidapplication of an ac electric field through a blade positioned
the box in order to keep the humidity level. The temperaturevithin 100 um of the interface. The spatial wave vecipr
control of water in the trough was carried out by passingand the corresponding wave damping coefficienfor the
thermostated water into the jacket at the bottom of thecapillary waves produced are determined by measuring the
trough. The temperature near the surface was measured witlptical diffraction of a laser beam positioned at various dis-
a calibrated Pt-100 sensor. The temperature of the box wdances from the blade. The phase difference and amplitude

E. Electrocapillary waves
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FIG. 2. Surface pressure isotherms for PVAC onto an aqueous FIG. 3. Temperature dependence of the surface concentrations
subphase witlpH=2.0. Notice that the isotherms cross each otherthat mark the transitions from dilute to semidilutE*() and from
atI'¢~1 mg nt. semidilute to concentrated't* ) regimes.

ratio as a function of distance give riseq@nda. These two 30 °C and forpH= 7.0. From the data in Fig. 3 it is possible
parameters are then used to obtain the elasticity and dilatgy calculate the surface entropies and enthalpies, which are
tional viscosity from the dispersion equati¢h2,13. The pqsitive at low values of  and negative at high ones.
instrument was calibrated by determining the surface tension .0 the lowrl regions of the isotherms it has been pos-

of water. sible to calculate the critical exponent of the radius of gyra-
tion v for PVAC [18]. Within the experimental uncertainiy
remains constant at 0.78.03 over the whole temperature
The surface light-scattering setup is similar to the onerange. This value is in excellent agreement with the value
described by Earnshaw and McGivdf#], Richards, Roch- obtained in Ref[18] for the same polymer onto a subphase
ford, and Taylor[15], and Kolevzon and Gerbeffi6]. A with pH=7.0 and with the prediction of the renormalization
polarized 25-mW He-Ne laser beam passes through a spatigtoup for polymer in good solvents. Therefore, we can con-
filter that expands the beam and gives a clean Gaussian igtude that the aqueoupkl= 2.0)-air interface is a good sol-
tensity profile. Then the beam passes through a transmissiqgnt for PVAC over the whole temperature range studied.
diffraction grating from Alingn-Rite USA) with nine differ- We have also been able to calculate the concentrations

ent patterns. In all the experiments reported we have useflat mark the crossover from dilute to semidildt& and
one with Sum-wide dark lines, each spaced 27 from ¢, semidilute to concentrate regimes* . Figure 3 shows

each other. A 1:1 image of the_gratlng IS fomﬁed onto thet atI'* decreases monotonically with increasifgeflecting
monolayer by means of a focusing lens. The light scattere e tendency of the chains to be more expanded in the mono-

by the capillary waves is detected in the heterodyne mod . .
mixed with the light reflected by a diffracted beam. Theqayer' However, the behavior & is less clear due to the

wave vector is selected by focusing each of the diffractioHarger uncertainties assqc!ated W_'th their values. i
spots in the photomultiplier. The signal is collected and ana- ToM thell-I" curves it is possible to calculate the static
lyzed by a NICOM(USA) model 170 autocorrelator. The €lasticity modulus
spectrometer has been calibrated using simple liqnds
hexane, ethanol, and watesind can be used in the wave- ( all )
Eg= y
T

F. Surface light-scattering experiments

vector range 108 g/cm~1<900. InT 2

Ill. RESULTS AND DISCUSSION
which would correspond to the defined in Eq.(1) for an
instantaneous deformation of the monolayer and therefore
Figure 2 shows thdI-I' curves for polyvinylacetate¢  without any dissipative effects. Figure 4 showgsat 25 °C.
(PVAC) onto aqueous subphaseH=2.0) at different tem- It can be observed that most of the increase of the elasticity
peratures. Experiments carried out onto a water subphagekes place within the semidilute regime. The techniques for
(pH=7.0) at 25 °C lead to results that were coincident withthe different type of dynamical experiments have different
those of Yoo and Y(i17]. It can be observed that for surface requirements about the values&fat which the precision is
concentrations '<1.5mgm? (4I1/dT);<0, while at better. It must also be recalled that deposition of monolayers
higher concentrations it is positive. This behavior is similarby the Langmuir-Blodgett technique is usually done in states
to that reported by Yoo and Y{17] between 15°C and of relatively high values of ¢ [1].

A. Equilibrium results
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FIG. 4. Static compressibility modulus=dIl/d In ' at 25 °C,
calculated from thdl vs I'g curve. The dashed lines indicate the
limits of the dilute(D), semidilute(SD), and concentrated regimes 0.6 L
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B. Dynamical experiments . . .
y P FIG. 5. Examples of relaxation curves in the step-compression

Loglio, Tesei, and Cin[19] showed that for systems not experiments(a) Relaxation curves for three initial values bf.

too far from equilibrium, when nonlinear process@sg., Notice that forl';=5I'** the curve shows several steps that arise
convection are not present, the complex elasticity modulusfrom the fact that the monolayer has been driven into the collapse
can be written as state during the compressidin) Relaxation curves fof ;=T"** at
three different temperatures. Notice that the complexity of the struc-
dAy(t) ture of the curves increases with decreasing
~ . HRAy®)} dt 3
— HAAIA - dInA(t)]”’ Lo
dt 02 (0)= 2 8' l+ion’ 0

where F denotes Fourier transform andis the surface ten-
sion. Joos and Van Uffele[20] have recently shown that This means that, in gener@l(w) can be expressed as a sum
Eqg. (3) has to be taken with care for soluble monolayers inof Maxwell processes.
experiments in whichA changes continuously with Since Figure 5a) shows the relaxation curves obtained at 25 °C
PVAC is not soluble, Eq(3) is valid as far as the maximum for three different surface concentrationd’s~I'*, I'**,
value of 9=AA/A, is not high(below 10% for most of our and H™** . It can be observed that, as expected, the relax-
experiments ation is faster fol™* than forI'*. We have included the
relaxation curve corresponding to a single exponential decay
1. Step-compression experiments and it can be seen than even for the lowest concentration the
For a fast change of area, one can write relaxation is more complex than a single Maxwell mode. It
can also be seen that fol’3* the relaxation curve presents
AA AA several peaks. It is worth mentioning that fb* a large
]-‘( A ]—Iw A——|w0 4 induction period appears in which the decreaséla$ rela-
0 o . ) .
tively slow. It should also be noticed that very large times
are required for a complete relaxation of the monolayer.
Figure §b) shows the relaxation curves at three different
o temperatures foF ** . As in the previous case, one observes
f Ay(t)exp —iwt)dt. (5) the induction period followed by a complex decay of the
0 surface pressure. In general, it has been found that the com-
plexity of the relaxation curves increases with decrea3ing
Since there is na priori way to know the number of
exponentials needed in Eq6) in order to describe the
_ 0 : resent relaxation curves with random distribution of errors,
_E (Ay)i exp =it/ ) ©) \Ilave have followed a different approach. It is known that a
relaxation curve is related to the relaxation specttiitin 7)
thus leading to [22]. In our case, one can write

which leads to

E(w)=7

Ay(t) has been frequently written §21]
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FIG. 6. Relaxation spectra for monolayers with=I"** at dif-

ferent temperatures.

©
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where [1y=II(t=0). In order to carry out the inverse
Laplace transform necessary to obtki(in 7) from thelII(t)
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H(In r)exp(—t/7)d In 7,

8

amplitudes for the normalized spectruh? ,H(In 7)dIn =
=1. For reasons to be discussed below, we have assigned an
odd integer numbep to each of the peaks of the spectrum,
with p=1 corresponding to the process with the largest re-
laxation time. It can be observed that decreadirigcreases
the weight (amplitude of the faster relaxation processes,
therefore confirming the increase of the complexity of the
relaxation curves. However, it is important to notice that the
amplitude of the slowest mode becomes negligible below
approximately 14 °C, where it cannot be observed any
longer. This will be discussed below.

OnceH(In 7) is obtained, both the real and the imaginary
components of the elasticity can be calculated through

1 (= 0’7
SRZE fﬁmH(In T) md In T, (9)

—or== [ Ha O dl 0
£|—wK—5f ocH(I"I?')m nr. (1)

Figure {a) shows the results obtained at 25 °C for three
values ofl" within the semidilute regime. It can be observed
that the complexity of the relaxation process increases with
I'g since the relative weight of the slowest mode decreases
[see thes|(w) curves in the figurk The dilatational viscos-
ity curves show that the low-frequency limit af increases

curves, we have used an algorithm based on Tikhonov'svith I'g, as it has been frequently found for the shear vis-

regularization method, as described by Jak3. A good

cosity in experiments performed with torsion pendulums

definition of the spectrum can be obtained since both plaf24]. More interestingly, one can observe a dramatic increase
teaus at short and long times are well defined in the experief « as the frequency decreases, reaching the Newtonian
mental relaxation curves. The results are shown in Fig. 6limit behavior at low frequencies if 4 is increased. For the
Table | gives the relaxation times corresponding to each refrequency range 0.1—18 Hz, the overall slope of log(x)
laxation procesgpeak in H(In 7) and their corresponding vs log¢(w) in all the monolayer states measured ranges be-

TABLE I. Relaxation timesr; and relative amplituded; of the different modes in the relaxation spectra
obtained from step-compression experiments at the temperatures studied. The type 2 mode corresponds to the
fast adsorption-desorption mode in Noskov’'s model. Type 3 modes correspond to the reptation process and
pi's denote the odd-integer numbers corresponding to the Fourier components in which the overall reptation
dynamics is decomposed in Noskov's model.

Type 2 Type 3
T(°C) po=1 ps=7 pPs=5 ps=3 ps=1
1.05£0.10 7 (9  3.2x0.8 501 (6.0-0.3)x10?  (7.1+0.3)x10°
AP 0.007 0.144 0.717 0.132
5.15+0.12 7 (9 3.3x1.2 692 (5.7£0.2)x 1% (7.0+£0.3)x 1¢°
AP 0.015 0.132 0.692 0.161
9.77+0.10 7 (9 3.5+0.2 1272 (6.0+0.5)x 107 (6.71.7)x 10°
AP 0.070 0.087 0.538 0.305
15.36:0.10 7, ()  4.4+0.6 405 213+50 (8.4£3.0)X 107 (8.8+7.0)x 10°
AP 0.049 0.008 0.072 0.273 0.598
17.20v0.08 7, ()  4.8+05  62+10  223+45  (8.2+2.0)x10°  (8.2+0.5)x10°
AP 0.045 0.004 0.067 0.189 0.695
20.10:0.07 7 (9  5.2¢0.7 242-40  (8.0:2.0)x10*  (7.8+x1.0)x1C°
AP 0.037 0.057 0.091 0.815
24.81+0.07 7 () 5.6+1.3 23850  (7.9-1.3)x10F  (7.7+0.5)x1C°
A? 0.025 0.013 0.036 0.926
30.10:0.10 7 (9  5.7+1.0 260-70  (8.0:2.0)x10*  (7.5%0.5)x 10°
AP 0.012 0.008 0.030 0.950
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FIG. 7. (a) Real and imaginary components of the elastic modu- r=0.63mgm’ . ) | ) |
lus E(w)=ertie,=egt+iwk and the corresponding dilatational 0 10 20 30 40 50
viscosity. The curves have been calculated from the relaxation spec t(s)

tra shown in Fig. 6, with the parameters of Table I. The lines cor-
respond to different temperatures—, 25°C; — — —, 10°C;
and- - - -, 5°C.

FIG. 9. Typical outputs of oscillatory-barrier experiments for
two initial surface concentrations at 25 °C. In both cases the speed
of the barriers was adapted in such a way that max{,)<0.1.

tween—0.9 and—1.1. This value is very similar to the slope tq carry out some further test in order to confirm the structure
of the viscosity vs shear rate for polymers between two closgf H(in 7). The oscillatory barrier experiments are adequate
plates[25]. for this purpose.

The effect of T on « can be observed in Fig. 8. There is a
steady decrease in the low-frequency limit /ofassociated
with the higher values ofI at higher temperatures. At fre-
quencies higher than 18 Hz the situation is less clear and
reflects the increasing importance of the faster relaxatio
modes asT decreases. The large difference observed be-
tween the isotherms of 25 °C and 10 °C is due to the fact that
the mode with the largest relaxation time disappears. which leads to an elasticity modulu$or linear processes

The relatively large number of relaxation modes collected 22]
in Table | for each relaxation curve and the fact that the

2. Oscillatory barrier experiments
In this type of experiment the change of area has the time
rgjependence

A=Agexp—iot), (11)

value of the lowest relaxation time is not very high in com- E(w)=ertiox=|slexpia), 12
parison to the time of the step compression make it necessa\%th
5 LRALL L L LLLL] I L] L I B ""': WK
10° B oo - E le|=[e3+ 0?k?]Y?, tan ¢=—. (13
N R
N N i
10°¢ ;:\\\ E Experimentally, one follows the change bF with A and
o N €(w) can be calculated through
3 RN 3
~ AN
= . All(w) All
7 ™ ~ 0 .
- 2| AN 4 £ w)= — | =— ex[| ), (14)
=] 10° \\\\ E ( 0((0) T 00 q v
% 1 \i
Z10E T O ~T\“\ E whereATl is the total change in surface pressure for a semi-
- ?‘5‘22 N period of the barrier motion and, is the total relative
10°E [T 077 RN change in area for the same semiperigpds the phase lag
_____ 515 \‘\\j between the curves that give the valuedloénd 6. Figure 9
10" £ 'S shows typical results at 25 °C for two valueslé{t=0). A
E N comparison of Eq912) and(14) shows how to relateg and
10° 10° 10° 10° 102 10" 10° K with AH0/00 and o.
o (Hz) Frequency-dependent measurements can be done by mov-

ing the barrier at constant velocity and changthg Figure

FIG. 8. Frequency and temperature dependence of the dilatalO shows the results obtained at 25 °C between 0.2 and 2 Hz,

tional modulus for monolayers with~T"** . In all the cases the
slope of thex-decreasing section roughly corresponds-tb.

corresponding to values df, between 2% and 12%. In all
the cases the starting surface concentration Wds. Mea-
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0 o (Hz) These results confirm the validity of the results obtained in
0 ot 02 wo oo M Sec. Il B 1 using the regularization method.

T

3. Comparison with Noskov’'s model

[N

elasticity of polymer monolayef27]. As is sketched in Fig.

11, parts of the polymer chains are adsorbed onto the sub-

phase, while other parts form loops or tails protruding in

ER either adjacent phase. The points at which the chains cross

] the monolayer plane define channels through which other
Z chains move. The model considers two main contributions to

21 % the dynamics of the polymer chains: first, the reptation of

E Noskov has proposed a rheological model to describe the
g

polymer chains through the two-dimensional channels and,

] second, the adsorption and desorption of chain blobs onto the
, TS — ” = 0.1 surface.
o 10 o ti2) 10 10 After suitable physical and mathematical approximations,
Noskov arrived at the expression for the elasticity modulus
FIG. 10. Viscoelastic parameters obtained from oscillatory-[27]
barrier experiments at 25 °C.AlIl, represents the change in sur-

face pressure between the two extreme positions of the barrier. The

continuous curve i@ has been calculated from the equilibrium w)= _( Jy ) 1605 w7y
isotherms. The curves ifip)—(d) have been calculated from a Max- dInT 773Fs podd 1+i ®Ty
well relaxation mode with the relaxation time corresponding to the

fastest mode of the relaxation spectrum obtained in the step- 23 o,
compression experimen(able ). +|1- 7l 1+ior,|’

(15

surements at lower frequencies have not been done since it is
necessary to ensure that the velocity of the concentration 7B
wave induced by the barrier is much higher than the velocity
of the barrier itself{26]. The velocity of the surface wave
grows with bothew and|e|. _ _ _

Figure 11a) shows the values afIT, for different values wherel'; .refers_to the surface concentration of trains with
of 6,. The curve represents the values calculated from th&V0 €rossing points at the monolayer plane, i.e., loopsis
equilibrium TI-T' curve. The agreement indicates that no@n integer odd numberg is the characteristic time for in-
irreversible process has been introduced by the motion of thif@molecular motion along the primitive chain within the
barrier. Figures 1(b)—11(d) show the real and imaginary tube, a_nd Ty IS tht_a rglaxatlon 'glme characteristic of the
components of the elasticity and the corresponding viscosity>dUe€zing outdrawing in the chains of the monolay¢27].
The curves are the predictions of a Maxwell process with that Must be said that among the approximations made in the
relaxation time taken from Table[lr=(2.4=0.5)x 1% s].  model, it is assumed thds) the chains are long enough to

Similar agreement has been found at all the temperature%.OnSider that the number of loops greatly exceeds the num-
er of tails, (b) the concentration of transitional points is

much smaller than the concentration of monomers adsorbed
(not very high surface pressujeand(c) 7,> 5.
Equation(15) indicates tha& (w) is given by the static
valuee = (dvy/d In Ty corrected by two main contributions:
a Maxwell mode arising from the adsorption process from
the adjacent bulk phases and a multitude of Maxwell modes
arising from the relaxation of the chains in the monolayer
plane. As is shown by Ed15), the relaxation times of the
latter modes are all related t@ . Table | shows the values of
p assigned to the different relaxation times obtained in the
step-compression experiments. Figure 12 shows that the dif-
O TYPE 2 ferent relaxation times do not follow exactly E@.5) at alll
o TYPE 3 .
the temperatures, but they are well described hy
= r5/p?, with & being a function ofT, at least for tempera-
tures above 15 °C. It must also be pointed out that, in gen-
FIG. 11. Sketch of an insoluble polymer monolayer according to€fal, the values of,, corresponding to the highest values of
Noskov's model. The lines represent the polymer chains that may tend to lie below the straight line.
cross the monolayer plane at one paif) or at two points(O). Figure 13 shows the temperature dependencegodie-
The crossing points define a two-dimensional channel along whictiived from Eq.(15). The curve corresponds to a fit to the
other chains may reptate. Williams-Landel-Ferry equatiof28]
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FIG. 12. Relaxation times characteristic of the modes of the ' ! ' .
relaxation spectra as a function of the odd-integer inglekhe full 10 o o 3
line represents the slope predicted by the reptation dynamics used in ] ®° ]
Noskov’s model. 1 co °
~ e
Ci(T—=Typ) TE o °
In 75(T)=In 75(Ty) — =——=——, 16 1 ° J
7'B( ) 7-B( O) CZ+T_TO ( ) o ] o ]
® L2 ®)
with the ratioC,/C,;=3 K, corresponding to the “univer- 1 o0°
sal” values given in28]. The valueT,=287+1 K roughly 1 o5
corresponds to the temperature at which the peak corre- 0.1 .O N .
sponding to the slowest mode in the spectidifin 7) is no 10 100 10'00

longer detected. BeloW,, 75 takes much lower values and
again slowly increases with decreasifigt must be recalled
that our PVAC sample has a bulk glass transition tempera- F|G. 14. (a) Wave vectorq and (b) dampinga of the electro-
ture, Ty~317 K and for this type of quasi-two-dimensional capillary waves for two values of the surface concentration at
system it is expected that the polymer chains will have &5 °C. Notice thaf’=1.0 mg ni2 is very close ta'** .

larger mobility and hence a lowdr .

o (Hz)

oy
g9 R o= ’
4. Electrocapillary waves [Tﬂ 7(G+m)in'(G+m )}

Figure 14 shows the values of the wave veotpand

~? ’
damping« obtained at 25 °C for two values of the surface Y4”  9(p—p’)

X|ip(@+my+in' (@+m’)+ —+
concentration[=0.5mg m? and I'=1.0 mg m2=~I"** P7(@+m)+in (@EmY)+ =
The elasticity and viscosity were estimated from the disper- (p+p')
sion equatiorf12,13 PR L@ m)— 5 (G- m')]2=0,

10 T T

17

where G=q-ia, m=[G%+ (iwp/ n)], m'=[g?
+(iwp'l7n')], w is the angular frequency is the gravity
constant,n and ' are the shear viscosities of air and sub-
phase, respectively, andandp’ are the densities of air and
subphase, respectivel¢.=er—iwk, whereeg is the dy-
namic elasticity andx the dilatational viscosity.y=1y
—iwu, wherey is the dynamic surface tension apds the
transverse viscosity. Following Sauet al. [29] and Gau,
: Yu, and Zografi12] we have assumed=0 andy=y; for
7He o - the latter we have used the static values.
% e Figure 15 shows the values efw) and wx(w) for T’
T,=287K 1 ~I"** ' As can be observed, there is a further relaxation pro-
; cess centered around 100 kHz. The existence of this process
S a0 a8 205 308 does not seem to correspond to the series of modes corre-
T(K) sponding to the collective reptation observed in the previous
relaxation experiments. Similar relaxation phenomena have
FIG. 13. Temperature dependence of the basic relaxation timgeen found for soluble monolayers of hydroxyethylcellulose
75 in Noskov's model. The line is a fit to the Williams-Landel- and hydroxypropylcellulose in the same frequency range
Ferry equation with a characteristic temperatlige= 287 K. [12]. The main differences between the viscoelastic behavior

75, (ms)
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FIG. 15. Real and imaginary components of the elasticity modu- 0.00 0.04 0.08 0.12
lus obtained from the electrocapillary wave data FoeI'** and ©(s)

25°C. The line corresponds to the best fit of the data to a

Maxwell mode with relaxation time 8-50.7 ms. FIG. 16. Typical autocorrelation functions at low and high wave

numbers fol"¢=0.5I'** at 5 °C. The lines correspond to BE@?3).

of these two polymers were assigned to the different solubil- _ ] _ )
ity of the two polymers in the subphase and therefore to Y=ytlou, e=ertlwk, (22

differences in their adsorption-desorption dynamics. As al-

ready mentioned, this process is an important ingredient iP{Vhere'U“ is the transverse shear viscosity akdhe dilata-

Noskov’'s model and does not have a direct correspondenc;éogi:rx';cz‘?'ttyh'ecgggigyegaégitzgag;g'gbht t?]r:eiethﬁ %(;(\;vder_
with the viscoelastic regimes usually described in three- P y y y

dimensional polymer systems: collective reptation dynamic@am'c modes is given bh30]

at low frequencies and high-frequency Rouse-like dynamics. ksT iwn(q+m)+3g>
o)

D(w)

, (22)
5. Surface light scattering

(a) Basic equationsThorough descriptions of the theory Im(x) representing the imaginary part xf
of surface quasielastic light scattering are given by Langevin The Fourier transform oP(w) gives the autocorrelation
[30]. Capillary fluctuations are described as displacements dinction g(7). The experimentat)(7) have been fitted to a
the fluid surface from its equilibrium plane by the equation modified damped cosine functi¢82,33

d(r,t)=doexdi(gqx+ wt)], (18 g(1)=B—D7?+Asexp —0O;7)

whereq is the surface wave number of the capillary wave +A exp(— g7’ l4)exp( — O 7)Cod woT+ ).

that has a frequenay and propagates in thedirection. The (23

frequency is a complex quantity that describes the time evo-

lution of the surface due to fluctuations of frequensy,  The termB-D 7> accounts for the influence of possible long-

which are subject to a decay process with a damping corwavelength vibrations that produce a droop in the correlation

stant®, function at long times and arise from building vibrations. In
general, in our data, this term has been negligible. The term

w=wytio. (19 Asexp(—0;7) accounts for after pulsing effects. We have de-

leted the data of the first few channels of our correlator cor-

The dispersion relation betweemandq for a fluid surface responding to times below s, thus this term is also usually

covered by an insoluble monolayer is given[139,31] negligible. The finite size of the laser beam and the solid
angle subtended at the surface by the photomultiplier result
D(w)=[29°+iwn(q+m)] in a finite wave-number range of capillary waves being illu-
502+ )+ Ao — w0/ minated. This instrumental broadening is accounted for by
[Y9°+iwn(g+m)+gp—wp/q] the Gaussian termA exp(—B274/4). The exponentially
—liwn(g—m)]?=0, (200  damped cosine term incorporates the dampthgand the

frequencyw, of the capillary waves. A phase facter is
wherez is the dilatational elasticity arf§l the transverse one. included to accommodate the experimental observation that

nandp are the viscosity and density of the subphase, respedhe power spectrum is a skewed Lorentzian. Figure 16 shows

tively. The capillary penetration length is given by a typical example of the quality of the fits for PVAC mono-
layers.
m’=q?+iwp/y for Regm)>0, (21 (b) Light-scattering resultsFor the sake of brevity we

will discuss in detail only the results at one temperature:
Re(m) indicating the real part ofn. The transverse and dila- 5 °C; similar results were obtained at other temperatures.
tational viscoelastic moduli can be written as Table Il shows the values of frequency and damping ob-
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TABLE II. Frequency and damping coefficient of thermally excited capillary modes of PVAC monolay-
ers at 5.3 °C an@’g=0.6 mg nT2.

q (cm™} wq (kHz) 0, (kHz) g (cm™Y wq (kH2) 04 (kH2)
114.8 15.350.03 0.68:0.03 459.2 122.242.0 23.2£6.0
114.8 15.63%0.03 0.670.04 459.2 123.362.0 23.12.0
229.6 43.56:0.20 3.66-0.10 459.2 124.732.0 23.2:2.0
229.6 43.250.14 3.69-0.30 574.0 150.266.0 38.8:5.0
229.6 43.380.08 3.74:0.20 574.0 156.753.0 34.1-4.0
344.3 80.07%0.40 10.8:1.5 688.8 183.56:12.0 47.3:4.0
344.3 79.3&0.50 11.3:0.5 803.6 198.432.0 60.8-9.0
344.3 79.16:0.60 10.3:0.7

tained for the whole range af. The different values for a Pleiner have suggested that for a polymer film at the inter-
given g correspond to experiments done on independentlyace between two Newtonian fluids, both the transverse and
prepared monolayers with the same surface concentratiahe dilatational modes should be Maxwell-like at frequencies
(I's=0.6 mg m?) and provide an idea of the repetitivity of relevant for surface light-scatterif@LS) experimentg34].
the whole experimental procedure. Figure 17 shows that th&herefore, theu values have been fitted to a Maxwell mode
present results follow quite closely the expectpdlepen-
dence for simple liquid¢éKelvin's solution to the dispersion ()= WT (24)
equation[30]) below 460 cm?, while the full solution of the wlw)=7" 1+ w7
theoretical spectrum is necessary for highar

Earnshaw and McLaughlif83] have discussed in detail With 7,=2.04+0.12us andy®= uo/7=6.8£0.1uNm
how to obtain the four viscoelastic parameters from an exFigure 18b) shows the real part of the transverse elasticity,
perimental correlation function. However, since we are pri-calculated from the previous results
marily interested in the dilatational properties, we have fol- 5 2
lowed the approximate method of Yoo and Yii7]. From (©)= yort W Ty (25)
the values ofwy, and ® we have calculated the maximum YI@)= Yeq 7 1+ w 7-2’
value of u (umay Ccompatible with the observed damping at
eachqg; the results are shown in Fig. . Harden and

-1

p(10'mNm's")
w

69.6

—~ 694
k=
Z

£ 692
g
=

69.0

P | ‘ L 0oaes gl
o 10’ 10° 10°
1 2 3 4 567809 o (kHz)
q(107em™) FIG. 18. (a) Frequency dependence of the maximum value of

the transverse viscosity compatible with the damping at each
FIG. 17. Wave-number dependence of the characteristic freThe line represents a Maxwell mod@6). (b) Real part of the
quency and damping constant for a monolayer Wit 0.5I'** . transverse elasticitgi.e., surface tensigny calculated from a Max-
Notice that forq<460 cm ! the data closely follow Kelvin’s equa- well mode with the amplitude and relaxation time fitted to the val-
tion, while the full solution of the dispersion equation is necessaryues of u. Notice that below 100 kHzy is almost independent of
for higher values ofy. frequency.
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FIG. 19. Real and imaginary parts Qf the dllgtatlonal elastic FIG. 21. (a) Comparison between static and SLS values of the
modulus calculated from the SLS experiments with thealues : : . — .
- real part of the dilatational elastic modulus fiog=1"* at different
shown in Fig. 17. . .
temperatures(b) Temperature dependence of the relaxation time

. _ corresponding to the Maxwell mode from the SLS results. The line
with the valueyeqtaken from the equilibriundl-I's curve. It represents an Arrhenius-like temperature dependence.

can be observed that below approximately 100 kipz re-
mains constant and at the equilibrium vai@8.9 mN m'%)
with a maximum deviation of 0.005 mN . as their fits to a Maxwell mode withy=25*+1 us ande
UsiNg s max @andy= yeq, it is easy to obtair(w) and x(w) =lim, ,e=16.2+0.5 mN m 1. Even though the data ex-
from wgy and®. Figure 19 shows the results obtained as welltend beyond 100 kHz, the fit is quite good. It has to be
considered to what extent the results shown in Fig. 19 de-
R pend upon the values qf used. Figure 20 showss and «
for the 25 °C isotherm and=229.6 cm®. Two sets of re-
sults have been calculated: one using u ., as before and
another one using.=0. Only at surface concentrations well
abovel'** can one detect small differences between the two
sets. Moreover, in both cases there is rather good agreement
between the dynamic values ofand the static values in this
frequency range. Similar conclusions were reached at by
Yoo and Yu[17] for the monolayer onto a subphase with
pH=7.0 and between 15 °C and 30 °C. Therefore, it seems
reasonable to assume that the values obtained for the dilata-
tional parameters are not very sensitive to those of the trans-
verse ones. A detailed study of the viscoelastic behavior of
the transverse modes could only be done by using Earnshaw
and McLaughlin’'s methodi33].
I g éiﬁﬁ 00003 We have carried out similar experiments at different tem-
- § Sgéé

40

e(mNm")
N
o

o
3]

« (100 mNm's™)

sonnag peratures. As an example we will focus on the results corre-
L L sponding tol'™** . As can be observed in Fig. &), there is
00 05 10 145 2,0 25 30 a noticeable difference between the static and dynamic val-
I (mg m?) ues of the elastic modu_lus. _This might be due to the exis-
tence of an unrelaxed dilatational mode, as suggested by the
FIG. 20. Dilatational viscoelastic modulus for the monolayer atSPectral surfacéFig. 7) in which there is a shift of the dy-
25°C and q=229.6 cm’, calculated from the autocorrelation Namics towards short times dsis decreased. Assuming a
functions and assuming fou either its maximum value or zero. Maxwell-type relaxation for this mode and considering that
Notice that the differences in both cases lie within the experimentathe dilatational viscosity is approximately constant within its

uncertainty. The continuous line {g) represents the static elasticity uncertainty(see the discussion abgyeve have calculated
obtained fromlIl vs T'. the characteristic relaxation time for this mode. As is ob-

o
=
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10° T T T T T T T T ] IV. CONCLUSIONS
3
10? The step-compression experiments show that the relax-
10°1 1 ation of the PVAC monolayers cannot be described by a
- 10‘; ] single relaxation process. The use of regularization methods
2 to analyze the results leads to complex relaxation spectra
£ 109 from which the real and imaginary components of the dila-
E 104 BVAC 259G oot 1 tational viscoelastic modulus can be easily calculated. The
* 10°1 . % , complexity of the spectra increases as the temperature de-
X Elect. &‘W ] creases from 30 °C to 1 °C. The spectra agree with the pre-
10°4 o8 “ o osm] dictions of the theoretical model recently proposed by
T S — O@“’ Noskov, although for temperatures above 15 °C the agree-
10° 10% 10° 10® 10" 10° 10" 10° 10° 10° 10° ment is not quantitative. The results of the oscillatory barrier
o (Hz) experiments in the frequency range 0.1-1 Hz confirm those

of the step-compression experiments. The dilatational viscos-
ity « is found to increase steeply with decreasing the fre-
quencyw. In fact, a plot of Ink) vs In(w) has a slope close to
—1 in the frequency range 0.1-1HHz. This value of the

served in Fig. 2(b), the temperature dependence of the calSlope is close to that found for fluids between two solid

culated dilatational relaxation time; can be described by an Surfaces. _ _ _
Arrhenius  curve with activation  energy E,=86 The SLS experiments show that, in the kilohertz range,

+7 kJ mol L. This behavior clearly indicates that the dilata- the dilatational viscoelastic modulus of the monolayer can be

tional viscosity strongly increases with decreasing temperawell described by a single Maxwell mode. As expected, the
ture. The value of the activation energy is rather high, sugdilatational viscosity in this range is much smaller that in the
gesting that the molecular motions are cooperative in naturgnillihertz range. In the intermediate regi¢20 Hz to 2 kH2

It is important to notice that, as shown in Fig. 22, in thea single Maxwell relaxation mode is observed. It might be
kilohertz rangex ranges from 10° to 10 *mNm!s, related to the adsorption-desorption dynamics of loops and
while the results obtained in the step-compression experitails out of the interfacial plane.
ments lead to values in the range®2d0* mN m™'s. Be-
sides showing the good agreement between the data obtained
using the different techniques, this figure shows that there
are at least three well differentiated dynamic regimes as the
frequency changes from the kilohertz to the millihertz range. This work was supported in part by Fundati®amo

These changes should be taken into account when obtaining . .oc and by DGES under Grant No. PB96-609. F.M. was

FIG. 22. Dilatational viscosity for a monolayer wifh=T"** as
a function of frequency. Three relaxation regimes are visible
through the ten-decade frequency regime.
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