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Direct Experimental Observation of the Crossover from Capillary
to Elastic Surface Waves on Soft Gels
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By using electrically excited surface waves we have studied the propagation of hydrodynamic modes
on the surface of agarose gels in the frequency rdoge 10° Hz. Bulk rheological behavior has been
also determined in the frequency rantf® 2—10?> Hz by conventional rheometry. The propagation of
two surface modes, capillary and elastic, is observed at low frequencies. Above a well defined crossover
frequency, regular capillary behavior is observed. The experimental data are in excellent agreement with
the theoretical predictions and the measured bulk viscoelastic behavior. [S0031-9007(98)07302-5]

PACS numbers: 62.30.+d, 47.35.+i, 68.10.Et, 82.70.Gg

The hydrodynamic behavior of bulk viscoelastic sys- The search for Rayleigh surface modes has been the sub-
tems has been the subject of extensive studies in the lajgct of a great quantity of work. Polymer gels are good
decades[1]. The surface hydrodynamics of these materiatsandidates for the observation of mode coexistence. They
is experimentally accessible thanks to quasielastic sumre soft solids made of polymer chains entangled in a net-
face light scattering (QESLS) and excited surface wavework structure with a zero frequency shear modulus in-
(ESW) techniques [2]. This special hydrodynamics is relecreasing as the polymer concentration increases. The first
vant to various applications, such as energy dissipatioimdirect evidence of Rayleigh modes was early reported by
in lubricants by means of bulk-surface energy transferCumminset al. [7] who studied polyisobutylene solutions
or the observation of anomalous turbulent flow throughin decandPIB/D) with QESLS, and reported an evolution
polymer gel-coated capillaries [3]. In order to describeof the potential law for peak frequenay, ~ ¢" when the
theoretically this hydrodynamics, Harden, Pleiner, andpolymer concentration increases:~ 1.5 at low concen-
Pincus (hereinafter, HPP theory) [4] proposed in 1991 thérations, typical of capillary modes, and~ 1.0 at high
extension to viscoelastic fluids of the classical descriptiortoncentrations, typical of elastic Rayleigh modes. How-
of surface waves [5], which frequency and damping aresver, Dorshow and Turkevich showed that a similar evo-
governed by surface tension and fluid shear viscosity lution is expected during the transition from propagating
n. This extension is performed by substituting formally to overdamped capillary modes [8], and presented later
the shear viscosity by*(w) = n(w) + E(w)/iw, where new data on PIB solutions in hexane, where a noticeable
n(w) andE(w) are the shear viscosity and shear modulusincrease in the peak frequency with polymer concentra-
respectively, andv = 27 v, v being the frequency. The tion is observed while the solution becomes viscoelastic
new feature emerging from this theory is the coexistence o], another indirect evidence of a crossover to an elastic
several types of surface modes. The regimes where thesegime. Afterwards, Cumminst al. reported new data
modes are observed are represented in Fig. 1. Capillagn polyethyleneoxide (PEO) aqueous solutions showing
waves, either Kelvin wavetw, ~ ¢*?), or overdamped the same behavior, together with a decrease of the spec-
nonpropagatinjw, ~ iq) waves and Rayleigh or elastic tral width, despite a rapid increase of the bulk viscosity
waves(w, ~ ¢), can be observed, depending on bulk vis-
coelasticity and frequency. Pure capillary modes are found
in the low shear modulus solutions. The damping of these
modes increases if the frequency or the shear viscosity in- 8 Overdamped liquid modes
creases, until the modes are overdamped. At high shea 8’1 ®~iq /
modulus values and at low frequencies, Rayleigh modes—
are found. Obviously, the boundaries shown in Fig. 1 are
not sharp, and the transitions between the different types

Capillary modes

of modes are smooth. Capillary and Rayleigh modes can o ~ q3/2 Elastic modes
eventually coexist, propagating together in space and time.
This particular feature leads in principle to the presence of ®0~q

two peaks in the QESLS spectra, corresponding to each

mode [4]. The HPP theory has been recently extended to log E
account for the presence of surface adsorption by Wang
et al. [6]. FIG. 1. Surface mode diagram for viscoelastic gels.
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[10], an observation also consistent with a crossover fronat the borders of the trough, which could yield spurious
capillary to elastic regime. However, in all the abovebimodal behavior, we have used two different Langmuir
experiments, the spectral noise prevented the observatidroughs (15 and 70 cm long, respectively). We have ob-
of the two peaks predicted in HPP theory. Moreover, PEQained identical profiles in both cases (see also Fig. 3).
is surface active, and although the surface tension remairfurier transformation of the experimental profilés:)
essentially independent of the polymer concentration in thevas performed by the fast-Fourier-transform (FFT) al-
studied range, surface elasticity and viscosity are expectegbrithm, revealing clearly single or bimodal distributions
to change significantly the propagation characteristics oflepending on frequency. In fact, at> 200 Hz, we ob-

the surface waves [6]. Huang and Wang have carried owgerved invariably a single component damped sinusoidal
QESLS experiments with polyvinylpyrrolidone aqueousbehavior, easily recognizable by the presence of a single
solutions [11] and very recently on PIB solutions in decanepeak in the spectrunP(g) = FT{{(x)}. Close tov =

with polymer molecular weights larger than Cummins200 Hz, a second peak emerges with a smaller wave vec-
et al.[12]. Their data are fully consistent with HPP the- tor than the capillary peak, moving away from this peak
ory. However, the distinctive bimodal features manifestechs the frequency decreases. It is obvious in Fig. 2 that
in the theoretical spectra are smeared out by the instrumemode mixing at the crossover is much easier to see in
tal broadening and are not distinguishable in the experithe {(x) signal than on its Fourier transform. This pe-
mental spectra. In fact, the observation of two peaks iguliarity, together with the frequency range and the in-
difficult at the high frequencies of the QESLS technique strumental broadening inherent to the QESLS technique,
because the gels need to have at the same time a high elasplains why this technique is not as well suited as ESW
tic modulus and small viscosity. Kikucleit al. [13] and

Choi [14] combined QESLS and ESW to extend the fre-
quency range of the experiments down to 100 Hz. In their
ESW method, the surface is distorted by a pulsed mechani-
cal excitation and the phase velocityof the pulse is de-
duced from the phase shift of the surface displacement al

a distanced from the source of excitation. This study
clearly showed the complete crossover from the capillary —
regimec = w/q ~ ¢'/* to the elastic regime whereis =]
frequency independent. Unfortunately, the ESW method &
used only gives an average valuec@nd is unable to allow
the observation of two modes.

At this point, the ESW method with electrocapillary
excitation seemed to us a suitable technique, because of it:
noninvasive character and because the surface displace
ment profile {(x) along wave propagation direction is
directly obtained. Our experimental setup has been de-
scribed elsewhere [15]. We have studied 0.2 wt% aque- ) Capil. + Elast. (b)-
ous solutions of agarose (Fluka) prepared by dissolving the 0 OQN%O\/W
powder in de-ionized water from a Milli-Q system at high . o .
temperaturé~90 °C). During the dissolution process, ex- — .
tremely gentle agitation was maintained in order to prevent
any shear degradation. After complete dissolution, the hot
solution was transferred to the Langmuir trough, leaving
it to stabilize at room temperatuf@2.0 = 0.5°C). The
samples showed no substantial volume change througt
the gelation process. The densityli® g cm 3 for all the
samples. No change in surface wave propagation charac 3
teristics was observed over 4 h intervals. ESW experi- q(cm?)

mer_1t_s were performed at dlffere_nt fr_equenC|es. ThGFIG. 2. Experimental surface profiles of an agarose solution
exciting voltage was kept constant in a linear deformatiom 2wt % at three different excitation frequencies, showing a
regime (the maximum surface deformation is less thampure capillary mode (a), mixed crossover behavior (b), and a
1 um). pure elastic mode (c). The experimental points have been fitted

; ; ; _to the expression given in Eq. (1) (continuous line). Only 100
For the sake of brevity only three spatial profiles Ob. of the 2000 experimental points are represented for clarity. The

tgined at differgnt excitation fr_equencies are _shov_vn Ir'amplitude of the two different components is also represented in
Fig. 2. The existence of two different modes is evidente bottom of (b). Fourier transformations of the experimental
in Fig. 2(b). In order to check for possible reflections profiles are represented in the right.
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to study the bimodal behavior. When the polymer con-into two branches corresponding to the two modes at
centration increases further, the relative amplitude of the crossover frequency, = 200 Hz. In order to assign
elastic peak increases, but the capillary peak does not disach branch to a given mode, it is necessary to com-
appear completely in the frequency range studied; at thpare its velocity with the theoretical predictions. For
lowest frequencyy ~ 40 Hz, the capillary contribution this purpose, bulk rheological measurements were per-
is still of order 20%. The relative amplitude of the modesformed with a cone-plate mechanical rheometer (Rheo-
is related to the energy distribution between modes and renetrics). Figure 4 shows the frequency dependence of
quires further analysis within HPP theory. This questionthe complex viscoelastic modulG(w) = iwn*(w) =
is out of the scope of this Letter, and will be discussed in &(w) + iwn(w).
subsequent publication. The amplitude of the normalized The nonzero values of the shear modulus are the
experimental profiles has been fitted to the following bi-irrefutable signature of the gel state, and there is little
modal distribution by using a nonlinear minimum squaresdependence of and wn on frequency. As seen from
algorithm Fig. 4, the studied agarose gel shows low shear viscosity
and high elastic modulus at moderate frequen¢iess
{(x) = Z Ajcodgjx + ¢j)exp—a;x), (1) g Hz), being hence an ideal system for the search of
=12 the elastic modes. In the HPP formalism the complete

wherej = 1 corresponds to the capillary mode and 2 t0gispersion equation is given by the following expression:
the elastic oneg; is the wave vector, and; the spatial

damping; ¢; accommodates the nonzero phase at origin D(q, w) = lq3 + (o + 0)?
derived from the finite distance between the arbitrary p
departure point = 0 and the excitation source. a2 } _
As expected, at high frequency we find single mode Oy +2i0/0 =0, 2)

behavior(4, ~ 0) and emerging bimodal behavior when where® = 2 n*(w) ¢*/p.
reaching the low frequency domain= 200 Hz. For still In the limit of very small viscosities(y = yp/
smaller frequencieér = 80 Hz) a regime of dominating 472 > 1), and if elastic or capillary effects are negli-
single mode behavior is observed, with amplitudes ofgible, the phase velocity of surface modes is, respectively,
A; ~ 0.2 and A, ~ 0.8, respectively. The success of given by [16]
these fits is clearly evidenced in Fig. 2(b) where we have 173 E 1/2
incorporated the two independent modes and their sum, cc = (— w) CEp = ( ) 3)
which is able to describe successfully the experimental p
profile, its strange composite damping, and the exadtxperimentally, pure capillary behavige ~ '/?) was
position of the “phantom” or false zeros. Unambiguously,found in all cases above 200 Hz and in the low veloc-
this is the first reported direct observation of modeity branch (highg) of the low frequency data. By using
coexistence predicted by HPP theory. Eq. (3) for c¢, one obtainsy = 71.5 = 1.2 dyncnm !,
Figure 3 shows the values of the phase veloeitpb-  close to pure water value as it would be expected since the
tained from these fits to the experimental profiles. Firstagarose chains are not surface active [17]. We have in-
of all, these data demonstrate the high degree of repratependently measured the contact angles of sessile drops
ducibility of the experiments and the negligible influenceof water and of agarose gels on Teflon, and found that
of wall effects in the smaller trough. As expected, thethey were the same, thus confirming the absence of any
dispersion curve scales exactly as0!/3, and separates agarose adsorption at the gel surface. On other hand, the
high velocity branch in Fig. 3, essentially independent of
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FIG. 3. Phase velocity for surface modes of 0.2 wt% agarose
solutions. The three independent series correspond to different v (Hz)

samples studied in the smaiD) or large trough(C1,<). The

so-called capillary branch shows a well definedf® behavior FIG. 4. Rheological datak(w) (O), i @y (O), and shear
as given in Eqg. (3) (continuous line). viscosity (V) of 0.2 wt % agarose gels a2.0 + 0.1 °C.
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.70 T in the crossover region, the usual capillary mode, and

5_“ the Rayleigh elastic mode. At higher frequencies, pure

g o 7 capillary regime is reached. The data are in excellent

S g0k J guantitative agreement with the theory of Harden, Pleiner,

L O and Pincus when shear elasticities and viscosities deter-
—_ mined independently at the same frequencies with con-

9 ventional rheometers are used to analyze the surface wave
£ characteristics.
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