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Negative effective surface viscosities in insoluble fatty acid monolayers:
Effect of phase transitions on dilational viscoelasticity
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The viscoelastic properties of insoluble monolayers have been investigated by the excited electrocapillary
waves method. Effective negative values of dilational viscosities have been obtained in the liquid expanded
and liquid condensed phases of insoluble monolayers of myristic, pentadecanoic, and stearic acids. However,
the surface viscosity remains positive for the more expanded monolayers of ethyl palmitate ester. Possible
origins of such a behavior are discussed in terms of transitional effects between the two-dimensional coexisting
phases[S1063-651X99)07712-0

PACS numbd(s): 68.10.Et, 47.35ti, 64.70—p

I. INTRODUCTION with

It is largely admitted that dilational surface viscoelasticity L=Z2q’+iw[ 71(q+my)+ no(q+my)], 2
plays an important role in the dynamic behavior of interfaces
[1,2]. The properties of foams or emulsions, for instance, are T=yq*+iw[ 71(q+my)+ 7y(q+my)]
determined by the dynamic behavior of the surfactant mono-
layers adsorbed at air-water or oil-water interfaces, respec- _Pitpe 0%+ (p1—p2)g 3
tively. Despite the technological importance of these sys- q
tems, there is a great scarcity of experimental information on ) ) _
the viscoelastic properties of surfactant monolayers. AlWhereq=2m/\ is the wave vectory is the surface tension,
though the fundamental theoretical background and the maifi iS the dilational complex elasticity modulys, and 7; are
experimental techniques were developed in the 19z04],  the density and viscosity of watei£1) and air {=2),
some central questions remain unanswered. What are the nispectively, andn;=(q*~iwp;/7;)"? is the inverse pen-
croscopic mechanisms of coalescence of bubbles or drop&#ration depth. - o
What is the role of surface viscosity in surface stability? Because of the dissipative effects within the monolayer,
Studies of the propagation of externally excited capillarythe dilational modulug is a complex number, with a real
waves [5-8] or quasielastic surface light scattering from Part equal to the actual dilational modulus and an imaginary
thermally excited capillary wave€QESLS [9] are among Part equal to the loss modulus, proportional to the dilational
the most convenient methods to examine dilational visViscosity « [10]:
coelasticity. Indeed, capillary waves are coupled to surface - )
longitudinal (soundlike waves, and the propagation of both é(w)=g(0)tiok(w). (4)
types of waves depends upon the dilational viscoelastic co-

efficients (even though the dependence is much weaker fo 2D . 4 in-ol h tributi Wh
capillary waves The external excitation of capillary waves (2D) compression and in-plane shear contributions. en

can be carried out by electrocapillaf§,6] or mechanical the monolayer is fluidlike, the shear modulus is zero and the

methods[7,8], in the frequency range 100—1000 Hz. This dilational modulys; is related to .surface area variatioba
range can be extended by the light scattering method, whe/@'d corresponding surface tension gradiehts
thermally excited waves, with frequencies between 1 kHz
. dy
and 5 MHz, can be studied. s(w)=A<—) ) (5)
The dilational properties are obtained from the propaga- IA]
tion characteristics of the capillary wavésequencyw and
wavelength)) via the dispersion equatidi3,10] The hydrodynamic coupling between capillary and longitu-
dinal surface waves is significant when the rafie-¢/y
~0.16, value for which the frequencies of the two types of
D(w)=LT+wd 79(q—my)— 7,(q—m,)]?=0, (1)  waves are close. Far from the resonance condition, the cou-
pling is less important and the dilational parameters do not
appreciably affect the wavelength and damping of capillary
* Author to whom correspondence should be addressed. Permavaves. As a consequence, the values @nd « cannot be
nent address: Departamento de @iea Fsica 1, Facultad de obtained with sufficient accuracy from studies of capillary
Quimica, Universidad Complutense de Madrid, Av. Complutensewaves. In practice, capillary wave methods are interesting
s/n. E28040 Madrid, Spain. only for monolayers exhibiting intermediate values of the
Electronic address: fmonroy@eucmax.sim.ucm.es dilational elasticity (1-40 mN/m. Moreover, in the light

he complex modulug contains isotropic two-dimensional
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scattering technique, the instrumental broadening introducesnge, the compression produced by the capillary wave could
a supplementary source of erf&. create a stripelike concentration patté®i]. If, as a conse-

The above limitations are not found in studies of longitu-quence, a simultaneous phase transition occurs, energy can
dinal waves, whose propagation characteristics depend dpossibly be transferred back to the capillary waves and de-
rectly one and . However, these waves can only be excitedcrease its damping. If the dissipation is smaller than the one
at low frequencieg~1 Hz), by means of a mechanical bar- créated by viscous losses in the bulk liquid, apparent nega-
rier [11,12). It is difficult to enlarge this frequency range tive viscosities will be found. _ _
since the wave damping increases with frequency, and over- SUiP€ phases have been frequently observed in certain 2D
damping is rapidly reached. On the low frequency side, th&"29netic systemg21], liquid-crystal films[22], and Lang-

wavelength increases and reflection from the trough walls ignhu'lr. mdoncl)layerr]s IOf tfatt)ll aqlciIEZ3], ;st_?_[]s[m], andf ||3_hos-
limiting. Moreover, at these low frequencies, it is not easy toPholipid plus cholesterol mix urek25]. The case of Lang-

remove the noise background from external mechanical vimnuir monolayers was theoreically addressed in REZ8]

brations and[27] Spontaneous stripe phase formation was theoreti-
Each of the above experimental methods therefore has i ally predicted in these systems by Hu and Graf. In

limitations; hence the determination of the viscoelastic coef- e absence of molecular tilt, a monolayer at the air-water

ficients is often affected by large uncertainties. There is aﬁnterface Is not expected to produce stripes; however, if a

additional reason for the scarcity of experimental data: nega(—:O"eCt'Ve tilt is present, as in the case of many condensed

tive values for the dilational viscosityx(<0) are often ob- phgses, strnpe ?r heﬁdagtorgr?l prh?ig] cgrr;]ifortr:],ndiipennc:lng on
served[13-15, and till now there has been no explanation surlace pressure a empera ‘ S transition 1S

for this strange result. Obviously, being a dissipative coef- easier in surfactant mixtures because composition modula-
' tion is possiblg 28].

ficient, should be positive. This clearly indicates the inad- Therefore. and in order to corroborate the correlation be-
equacy of the current hydrodynamic approach which yield% h ’ | abil f ) d th
effectivevalues for the dilational viscosity when the dila- ween the natural ability to form stripe structures and the
tional parameters are obtained from the experiments via thgPpearance ofa nega_tlve dllathnal V'SCOS'.ty’ we have begun
a study of the dynamic rheological behavior of monolayers

dispersion equation. In the case of soluble monolayers, thm de with seri f insoluble compounds b ing the elec-
presence of adsorption barriers theoretically studied by Ve: ade SEries of INsoluble compounds by using the elec

larde and co-workerfl6,17] has been frequently invoked in tro.capillary method: we ha\_/e .Chos‘?” three homologous fatty
order to explain this anomalous behaVitB8—15. However, acids: tetradecanméo.r.myn_suc acid, pentadecanqlc and
the required bulk concentration gradient through zfatirec- hexadecanoigor palmitic acid, and an ester:palmitic ethyl

tion is several orders of magnitude larger than the one resul _steErt, which ;’.‘""I beWcaILed heLeafterltﬁ Cis, Ctl.ﬁ’ Iand
ing from the presence of capillary waves: in the theoretical*16=" respectively. We have chosen these particular com-

treatment, a large macroscopic concentration gradient is r _oundg because many data f(.)r their monolayers_already exist
quired to supply the energy transferred to longitudifed in the literature. The_: phase diagrams of fatty acid monolay-
Marangon) waves[16] ers have been studied for almost 60 years, and recently the
In their recent microscopic description for surface vis-YS€ of easily washgblg tef'o!" troug_hs and commercially
coelasticity, Buzzat al.[18] showed that effective negative avallab_le. water purification units has improved the data re-
values of the dilational viscosity are also possible in aprodumblllty between laboratories. Due to the develppment
soluble or insoluble monolayer if the interfacial thicknédss of fluorescence microscofi¥M) and brewster angle micros-

becomes comparable to the wavelength of the considere%Opy(BAM)’ it is also possible to visualize pha§e coexist-
mode @h~1). For soluble monolayers, such a condition is énce and monolayers.morp.hology. These techniques in con-
¥ unction with x-ray diffraction from synchrotron sources

equivalent to the macroscopic concentration gradient in th ave allowed the understanding of the complicated polymor
rption barrier-driven mechanisp7]. Th ndition ) )
adsorption barrier-drive echanispi7] e conditio phism of condensed phasgz9—32.

gh~1 could be fulfilled for a thick polymer layer at the o . ; L
air-water interface, where an interfacial thickness of the or- The main aim of this work is therefore twofold: first to

der of a micron or larger is easily accessible at high enougﬂqvestigate if negative dilational viscosity also exists in the

molecular weight. Obviously, this cannot be the case for in_studied Langmuir monolayers, and then to correlate the vis-

soluble or soluble monolayers made of small surfactant mol_g:oelastlc_ parameters W'Fh the .2D phase behlaV|0r. This paper
ecules. is organized as follows: Section Il summarizes the experi-

Negative surface viscosities have been reported in numer- ental details. '_I'he e_zquilibrium and viscpelastic e_xperimen-
ous light scattering studies performed on soluble monolayer; .I results are given in Sec. lll and are d'SCUS.Sed in Sec. V.
[13-15. We have also recently found negative viscosities inally, Sec. V summarizes the main conclusions.

in a series of aqueous solutions of cationio
-alkyltrimethylammonium bromides[19], and nonionic
n-alkyldimethylaminoxides[20] surfactants, depending on
the chain lengthpH, and the ionic force of the subphase, by  High purity C,, and G5 (>99%) were purchased from
using electrocapillary excited waves. In all cases, negativ&luka and recrystallized four times before use from spectro-
values forx were found only in the frequency range where scopic grade heptane. For both acids we did not notice any
exchanges between the surface and bulk have no time wignificant difference in the viscoelastic parameters between
occur and where the monolayer behaves as insoluble, i.e., ptrrified and nonpurified material. Therefore@Fluka and
frequencies larger than the characteristic frequency for diffuC;¢Et (Sigma, both with the same nominal purify>99%),

sive transport between the surface and bulk. In this frequencyere used without further purification. Langmuir monolayers

II. EXPERIMENT
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were formed on the aqueous subphase by depositing small Y
drops of dilute solutions with a microsyringéiamilton).
Spectroscopic grade chlorofornfProlabg was used as
spreading solvent and solution concentration fixed around 1
mM. In order to check for the absence of surface active
impurities, blank experiments with the pure solvent were
performed: after solvent evaporation, surface tension equal
to that of the pure subphase and zero viscoelastic parameters
are obtained. A given surface concentratlonvas obtained

by successive additions to a fixed surface aféa;1/A,
whereA is the area per molecule. A few independent series
of additions allow the determination of the surface pressure

II variation with surface concentration, called hereafter theeoqu)IGﬂEl '(liTB(Jﬁ)('jCZIX'S;;Zi;jml_fg(rﬁtg dag(')dnsdzzgégsr': de;ﬁﬁ;gaesr-_
“isotherm;” 1I=vy,,— v, wherevy,, is the surface tension of ' d b d P

the pure substrate. The fatty acid monolayers were sprealﬁ_uf/%nggiznire ?the;S'ble as a function of the monolayer density
upon a 0.01-M aqueous solution of H@arlo Erbain order B perature.

to prevent for fatty acid dissociation. Double distilled and

deionized water from a millQ system was used. The experi- temperature is as follows: gaseo(8), liquid expanded
ments have been carried out in a thermostated roof at (LE), liquid condensedLC), superliquid(SL). The two latter
=22.0=1.0°C. In order to prevent surface contamination,are mesophases, intermediate between 2D liquid and solid
the teflon Langmuir trough was enclosed in a Plexiglas boXstates. The LC phase is characterized by long-range tilt ori-
After deposition of the monolayer material, we waited for entational order and short-range translational of@éf. In
about 20 min before starting the measurements, in order 19, me compounds additional transitions between different LC
ensure full solvent evaporation. The equilibrium surfacepnages have been observed by X-ray diffraction experiments
pressure is measured situ by the Wilhelmy method. The 30,37. In the SL phase, the tilt vanishes and the molecules

open-frame geometry instead of a plate was chosen in ordef .’ o nized in a hexagonal lattice. The absence of molecu-
to avoid wetting problems.

Since GeEt is strongly hygroscopic, the commercial lar tilt in this SL phase favors the internal rotation of the

product already contains some quantity of water, very diffi-molecule around the chain axis; as a result, the surface vis-
cult to eliminate by vacuum drying. In order to know the cosity is small in the SL phag@&4]. Further compression of

exact surface concentration, thel" isotherms were slightly e monolayer leads to its collapse, i.e., creation of three-
shifted in order to obtain a saturation area of 20 &s found dimensional patches, accompanied by stabilization of the
by Harkins and Boyd33]. surface pressure. _

The surface rheological experiments were performed by In Figs. 2a) and 2b) the experimental surface pressures
the electrocapillary method. Details of the experimentaimeasured by the Wilhelmy method during the capillary
setup have been extensively described elsewh6fe In waves experiments are shown. Since the accuracy of the tem-
short, capillary waves are excited by applying an ac potentiaperature control is only 1°, the experimental points are scat-
of frequencyw/2 and amplitud&/,,~500 V to a metal blade tered. In addition, the scattering increases when the acid
located close to the surface. This forces the surface to oscifhain length decreases, suggesting a possible role of the slow
late at a frequency twice that of the applied potential. A Solubilization into the subphases]. The lines in Fig. 2
He-Ne laser beam is reflected from the surface and its decorrespond to the experimental data smoothed by filtering
flection is followed by a position sensitive photodiode. Thethrough the Savitzky-Golay algorithm. We have also per-
whole optical assembly is mounted on a translation stagéormed continuous compression measurements with the fatty
which allows one to scan the surface deformation along th&cid samples used in this stuffig. 2(c)]. With this method,
wave spatial propagation direction. The signal is then filteredhe data scattering is suppressed, and good agreement with
with a lock-in amplifier. Finally, the wavelength and  the independent measurements of Fig)2s observed. In
damping constant of the capillary waves are deduced from the following, we have used the isotherm data of Figs) 2
a fit of the signal to a damped sinusoid. In order to obtain thétnd 2b) to calculate surface elasticities, since they corre-
viscoelastic parameters and wk, the dispersion equation spond to the conditions in which the viscoelasticity measure-
[Egs.(1)—(4)] is solved forq= —i a+27/\, and fory equal m_ents were madéthes_e measurer_n_ents_ last for_ about 45
to the value simultaneously measured by the Wilhelmymin:20 min for spreading and equilibration, 5 min for sur-
method. The frequency range of this setup iis w/2m face tension measurement, and 20 min for the capillary wave
=200-1000 Hz for studies at the air-water interface. In theScan. . o
present study, the viscoelastic parameters depend only All |sptherms are cons_,lstent with Ilterature_ data: the
slightly on frequency, so the frequency has been fixed at goBoundaries between the different phases are given for each

surface pressure

molecular irea

Hz for all the measurements. compound together with literature data in Table I. The high
density limit of the LE phase region is difficult to determine
. EXPERIMENTAL RESULTS from the isotherms; we have used a criterion based on the

observation that in the region of LE-LC coexistence, the di-
lational elasticity data are strongly scattered. This is due to
Figure 1 shows a typical isotherm for long chain fatty the heterogeneity of the monolayer, which results in fluctua-
acids and theia-alkyl esters. The succession of phases entions of the viscoelastic parameters between the values cor-
countered upon compression of the monolayer at constamesponding to either LC or LE phases. The boundary be-

A. Isotherms
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TABLE II. Equilibrium spreading pressurddg of the studied
insoluble fatty surfactants at the air-water interfddata at 22 °C
from Ref.[37]).

Surfactant ITg(mN/m)
Ciy 17
Cis 20
Cis 11

C,¢Et 15

with literature datd 30], and they are fully compatible with
the results from FM22]. The width of the LE-LC coexist-
ence plateau that we find from the isotherm at 22 °C for
C,6Et is slightly larger than the one found by Harkins and
Boyd[33] at 25 °C, as expected, sinEkincreases witfT. In

the case of G, the isotherm at 22 °C is already below the
triple point, and the LE phase is not present: upon compres-
sion, the monolayer goes directly from the gas state to the
liquid condensed state when the area is about 26sée Fig.

2). Equivalent conclusions were obtained in the earlier work
of Fisher and Sackmar(i36].

The agreement between the different isotherms is not as
good in the condensed states of the monolayer. This is due to
the steep slope of the isotherm in this area range, very sen-
sitive to the method by which the density of the monolayer
has been changed. With the method of continuous compres-
sion, out-of-equilibrium [1>11I,,) and steeper isotherms can
be obtained if the compression velocity of the barriers is too
high. If the compression is then stopped, a downfall to the

FIG. 2. Experimentall-A isotherms at 221 °C for the stud-  equilibrium pressure is observed as if collapse had occurred.
ied fatty surfactantsa) Fatty acidsi([J) myristic or G4; (O) Pen-  These observations show the strong kinetic effects involved
tadecanoic or ¢ and (A) palmitic or Gg. (b) Comparison be- iy the formation of 2D condensed states. Metastable states
tween the isotherms ¢f\) palmitic acid Ge, and(A) its ethylester 510 very frequent, with surface pressures greater than the
CieEt. (c) Fatty acids, continuous compression meth¢d:—)  oqiliprium spreading pressuiiés, defined as the equilib-

IT (mN/m)

A (A’/molecule)

gyrisﬂﬁ Ca“’t(_. ?)_) %egfdecangic fs 3ndtf- ) paclimitifh rium pressure between three-dimensional crystals and the
V\/li?HeImey p;?e'n @ an are independently measured with a monolayer. Table Il collects the literature data fdg [37]

and their comparison with collapse pressures measured in
tween scattered and nonscattered data allows a bettétis work by the method of successive additions. With the
determination of the LC phase limit. exception of GgEt, for which the observed collapse pressure
The locations of the phase boundaries andlihealues at  is 5 mN/m greater thahlg, our collapse pressures are equal
the LE-LC coexistence plateau are in excellent agreemerip 115, as expected. It seems that the method of successive

. . . _additions that we use facilitates the nucleation of the con-
TABLE |. Coexistence boundaries for the studied Langmuir 4osed phases, and accelerates equilibration

monolayersG gas; LE, liquid expanded; LC, liquid compressed. ¢ transition to the SL phase of fatty acids observed in

Ref.[30] upon compression takes place almost always above
theIlg value. This may indicate that the monolayers are out

Surfactant  A%(A?2)  AZ(A?%)  ALE(A?)  AEA?Y

Cu 47 28 22 of equilibrium. In any case, our isotherms are too scattered to
5P 3P 18° distinguish the small kink of the LC-SL transition observed
Cis 452 352 242 in Ref. [30]. Because of the kinetic dependence of the sur-
4 37 2% face pressure of condensed states, we will instead refer to the
Cus 262 molecular area in the description of monolayer states.
o5 There is a particularity concerning;£and its weak but
C.Et 8 4R 23 non-negligible solubility i_n water. _A series o_f addition_s lasts
84e 3& o8 for a few hours, and during this time there is a certain leak-
age of the surfactant to the bulk, that leads to small errors in
&This work T=22°C. the molecular area. It can be noted in Figp)Zhat the denser
bReferencd46]. T=22 °C; data from the phase diagram. monolayers were obtained &t~19 A?, which is probably
‘Referencd47]. T=20°C. too low.
YReferencd36]. T=24 °C; data from the isotherm. Figure Z2a) shows clearly the thermodynamic equivalence

®Referencd33]. T=25°C; data from the isotherm. between temperature amgl the number of carbon atoms of
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FIG. 3. Experimental viscoelasticity data for the monolayers of FIG. 4. Experimental viscoelasticity data for the monolayers of
myristic acid G4 at the air-water interface and at 22 °C as a  pentadecanoic acid,Cat the air-water interface and at22 °C as
function of area per monomefa) Dilational elasticity modulus a function of area per monomef) Dilational elasticity modulus
e(w) at v=800 Hz and comparison with the static valgig (con- e(w) at v=800Hz and comparison with the static valgg (con-
tinuous ling. (b) Dilational loss modulusy «(w) at the same fre- tinuous ling. (b) Dilational loss modulusy x(w) at the same fre-
quency. The vertical dotted lines delimit the different 2D phases. quency. The vertical dotted lines delimit the different 2D phases.

the aliphatic chain of the fatty acids. Wherdecreases, one Modulation of the surface profile could be due to the convec-
approaches a critical point, as when the temperature is iffiVé motion of the gaseous domains and to their size polydis-
creased for a given acid; as a consequence, a simultaneoR@rsity. Similar modulation phenomena have been already
decrease of the size of the coexistence region occurs. THServed at similar frequencies in&nd Gs monolayers by
strong influence of the small ethyl head group on the behayNoskov and Zubkov439], and at higher frequencies with
ior of C;¢Et monolayers is also remarkable. The increase ofight scattering experiments, for the monolayers of the same
the head size causes a strong expansion of the ester morffids by Hard and Neumanj#0] and in Gs monolayers by
layer, leading to the appearance of a LE phase, while thi¥vinch and Earnshay4l]. In this latter work a series of

phase does not exist for,§[Fig. 2(b)]. experiments was undertaken in order to estimate the effect of
the domains mobility: this leads to an apparent diameter of
B. Surface viscoelasticity the inhomogeneities of the order of 1 cm as in our experi-

ments. In the case of the;gEt monolayer, modulations of

The dilational elasticity modulus and loss modulussx  the surface profile have not been observed, may be because
of the monolayers of the four compounds, as obtained fronthe propagation characteristics of the capillary waves in the
electrocapillary experiments, are presented in Figs. 3—6. INE phase are closer to the values for the pure subphase than
the following, we will discuss the rheological characteristicsin the case of fatty acids. No data are available for palmitic
of the different phases of the monolayer. acid G, that do not show a LE phase at the room tempera-

G-LE coexistence region ture.

The G-LE region is characterized by very low values of LE phase
the surface pressur&l~0 within experimental uncertainty When entering the LE region, a sudden increase &f
(+0.5 mN/m. For an area per molecule>60A2, the cap- observed for the fatty acid monolayers. The transition is
illary waves propagate as on the clean surface of the pursuch more gradual for the more expanded ester monolayers.
aqueous subphase. For a smaller molecular area, we haVée dilational elasticity of the LE phase is between 15 and
observed a modulation of the sinusoidal envelope of the sp&20 mN/m for G5 [see Fig. 48)]; 13 and 35 mN/m for &,
tial surface profile(see Fig. 7. This could reflect the inho- [see Fig. 8a)]; and 0 and 20 mN/m for GEt [see Fig. €a)].
mogeneous character of the monolayers, with regions of difThere are no experimental results fofsGince the LE phase
ferent wave damping38]. However, the modulation scale is is not found at room temperature. These results are very
of the order of a centimeter, while the characteristic size okimilar to those obtained from QESLS foi 40,42,43 and
LE domains is of the order of a few tenths of a micron, asC,s, [40—42. Hence, in the range 0 1¢ Hz, the dilational
evidenced from BAM and FM characterizatid@9]. The elasticity seems to be frequency independent.
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FIG. 5. Experimental viscoelasticity data for the monolayers of ~ FIG. 6. Experimental viscoelasticity data for the monolayers of
palmitic acid G at the air-water interface and at 22 °C as a palmitic ethyl ester GEt at the air-water interface and at 22
function of area per monometa) Dilational elasticity modulus =1 °C as a function of area per monomea). Dilational elasticity
e(w) at ¥=800Hz and comparison with the static valag (con- moduluse(w) at v=800 Hz and comparison with the static value
tinuous 1ing. (b) Dilational loss moduluse x(w) at the same fre- €0 (continuous ling (b) Dilational loss modulus «(w) at the same
quency. The vertical dotted lines delimit the different 2D phases. frequency. The vertical dotted lines delimit the different 2D phases.

The situation is less clear for the surface viscosity, espe; ; ;
cially in the lower frequency domain. For,£]see Fig. 4b)], at a high density boundary fori€and GEt monolayers. As

the dilational viscosity is small, but negativex decreases pom(;ed out tt?y M|yan|c{45], thbel mek? surﬁment IOf t?i aver
to about—10 mN/m atA=35A2, where LC domains begin 295 _pr<|)per 'ES IS r(])n y posls;l ehw Hen ¢ ?]scaae ol e;e_roge-
to nucleate. The decrease of viscosity upon compression 'rs%%lays Isol?ssesr\t/eznl; € I\:Nl\jv?nent%e ' Q?Z%]t §n dorrélam[s 47]|men-
even more pronounced in the case gf, 3ee Fig. 8)], wx | f );1 d ! I 5
reaching—18 mN/m for the highest LE concentration. On monolayers are of the order 01100 um, small compared to
the other hand, the surface viscosity of the ester monolayertge wavelength of capﬂlary wave(sgboqt Q'Z mm fore
stays equal to zero in the whole LE phase redisee Fig —8_00 I—_|z). However, since the spatial dlstrlbu'_uon of the do-_
6(b)] " mains is probably heterogeneous, the experimental data in
Néskov and Zubkov#39] studied G, and G monolay- this .two-phase region are scattered. In the case,of the
ers in the same frequency domain éy using; a mechanicaﬂ”aﬂonal elasticity fluctuates even more than for other com-
excitation instead of the electrocapillary method. They alsdvav ?ﬁjggs d\;\gétssfdn?;gfy to decrease. This particular behavior
obtained negative values of the dilational viscosity in this The elasticit dedu.ced from QESLS measurements for
domain, although in a rather complicated way. Since their (40,42 ndy [41] is also intermediate betw th
damping and wavelength data were too scattered to allow th%14 o4 a Gs S aso intermediate between the
direct calculation ok and wk, they looked for values of the yalues obtained for the two coexisting phases. The error bar
viscosity which give back the measured values of damping's Iarg_e as well, but the wavelength is much shorte.r in these
and used the static elasticity as calculated from the slope ogxpergpents ')(210—500,um), thus comparable with do-
the I1-T" isothermg[see Eq(5)] [39], main dimensions. . .
However, in all high frequency studies by the QESLS The problem of fche dilational modulus of a composite
method[40-42,44, small positive values for the loss modu- S“ff"’.‘ce was theoretically addressed by Luca$ggh If line .
lus wk~1 mN/m are reported. It thus seems that the viscouéenSIOns are neglected, the apparent modulus Qf a composite
contribution to the dilational modulus in the LE phase isZurfaCSAW'th cf[_or:densed and et>_<pa|nd¢d (_domalns occupying
negligible in that frequency region. Let us quote an excep- € and A partial areas, respectively, is given 48]
tion: Sakai and Takadi3] obtainedwx~ 10 mN/m for G,
monolayers in the LE phase. 1 1 dATot_ 1 (dAE dAC) ¢ 1-¢

o ta =t (®
Atot  Ator €E €c

g_d_'y Avot _d_’y

LE-LC coexistence region

In this two-phase regiors increases progressively from a where Ar,,=Ag+Ac. In this expressionp represents the
pure LE value at a low density boundary to a pure LC valuefractional area occupied by the expanded phase, which here
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FIG. 8. Fractional area occupied by the expanded plese-

. . . . . . tinuous phase ¢, calculated from Eq(6), as a function of the

00 05 10 15 monolayer density"=1/(Ac+Ac) in the LE/LC coexistence re-

gion. (O) Myristic acid and(®) pentadecanoic acid. The lines rep-

resent the fit of these data to the linear dependefrecI". The
FIG. 7. Experimental spatial profile of an externally excited boundaries of the coexistence region obtained independently from

electrocapillary wave at=800 Hz for a pentadecanoic acid mono- the equilibriumII-A data are represented by the arrows.

layer spread at the air-water interface) in the diluted region at

A=65 A?/monomer, (b) in the G/LE coexistence region af ester remains close to zero also in this regjsee Fig. 6)].

=47 A?2/monomer, and(c) in the LE monophasic region a In the higher frequency regidiQESLS daty positive values

=40 A?/monomer. of the dilational viscosity for fatty acids were reported, to-

gether with their increase upon compression.

x (cm)

is the continous phasg=Ag/(Ag+Ac); &g andec are the
elasticities of the homogeneous expanded and condensed Condensed LC and SL phases
phases, respectively. Equatit®) obviously applies only if In the condensed phases, there is a striking difference
the time scale of the area variation is short compared to thgatween the viscoelastic behavior of fatty acids and ester
time required for the transformation of the LE domains i”tomonolayers. In the ester case,increases suddenly from
LC domains, or inversely. Evaluations gffrom FM image  apout 20 mN/m at 23 Ato about 60 mN/m for the collapsed
analysis were made by Suresh, Nittman and Rondglék monolayer, as shown in Fig(®. In the same waywx in-
for C,, and Mooreet al.[47] for C;s monolayers. In this last  reases from zero to 60 mN/m. Such a strong increase has
work [47], it was shown that) can be described by a lever heen aiready observed for the monolayers of heneicosanoic
rule, and that the molecular area in the coexisting phases;q (G, for the two components of the complex shear
could be obtained from extrapolation ©¥=0 and ¢=1  moqulus, measured with the torsion penduli4. It is then
[47]; quite probable that the main contribution to the viscoelastic-
ity of the ester originates from the shear modulus. However,
b= Ae A :iA @) in the case of shear viscoelasticity of heneicosanoic acid
Ac+Ag’ E1—¢'C there are discontinuities at the?/L 2" andL2’'/S phase tran-
sitions, whereas in the case of ester, shear plus dilational
We have calculated the fractional area of the expanded corelasticity and viscosity increase monotoneoy€9|. When
tinuous phaseb from the dynamic elasticity data by applying collapse is reached, both coefficients decrease: the elasticity
Eqg. (6). The results for ¢ and GgEt monolayers are repre- to a very small valugbelow 10 mN/m, and the viscosity
sented in Fig. 8 as a function of the total surface concentrabecomes negative. This drop in viscoelasticity at monolayer
tion I'=1/A1,;. The calculated liquid expanded fractiah collapse is also found with fatty acids, for which, however,
follows closely the expected linear dependenges Agl. the decrease of elasticity and viscosity starts long before col-
The intersections with the horizontal axes¢at 1 and 0 are  lapse.
also in excellent agreement with the limits of the LE-LC  The viscoelastic behavior of the;£monolayer is notice-
coexistence region, represented by the arrows in this figurgbly different(see Fig. %. In the high density side of the
as obtained from the isotherms and the FM experim@gs  G-LC coexistence regionpx starts to increase, whereas
Table |). This results confirm the linedt dependence of the remains practically zero. After compression to the LC phase
fractional areap, previously found by Mooret al. [47], as  at 26 R, & grows suddenly while a quasidiscontinuous jump
well as the validity of the Lucassen model for the compositeto negative values is observed fok. However, two distinct
elasticity [48]. regions are clearly distinguished in this concentration re-
As far as viscosity is concerned, our data show that comgime: between 26 and 23 Athe elasticity is high £
pression of the fatty acid monolayers leads to more negative-30 mN/m) and the viscosity strongly negativeo £~
wk values[see Figs. 3, 4, and(5)]. The viscosity of the —30mN/m), and below 23 Athe elasticity drops to 10



7170 GIERMANSKA-KAHN, MONROQOY, AND LANGEVIN PRE 60

mN/m andwk increases to about 20 mN/m. 60— . . T .
A plausible explanation for this behavior lies in the in-
plane shear contribution to the dilational modulus. For the
uniaxial compression applied in the experiments, the elastic-

ity modulus contains both pure dilational and shear contribu- g P
tions, the latter becoming important only for highly con- % N L ,

w
&

£, (mMN/m)
™
=]
|l
7
L

40F ¢

>
-
2

densed or solid phases. It has been found that the shear
viscosity, measured by a torsion method at low frequency
(~1 Hz), increases by two orders of magnitude when fatty
acids monolayers enter the LC ph483d]. This is in apparent
contradiction with the strong negative values «t. How-

ever, more recently Gaub and McConnléD] reported ap- 0
parent negative values for the shear viscosity ¢f @ono- L e
layers at~10 Hz, in the region where we observe the o

smallestx values(26-23 &). Below 23 &, the shear vis- A (A7/molecule)

cosity become_s _posmvg anq grows very quickly. Cor_lse- FIG. 9. Comparison of the static limit of the dilational elasticity
quently, the dilational viscosity variation could be qualita- j,oquius  or thermodynamic  isothermal — compressibility,
tively accounted for by the shear viscosity contribution. In_ A(9y/3A)+ for the three studied fatty acidé—) palmitic Cyq,
their study of G, Ghaskadvet al.[49] reported a nonlinear (— — —) pentadecanoic G and(- - - -) myristic C, The inset
behavior in this region, which could possibly also affect di-shows the differences between the static compressibility of the
lational parameters. The comparison with the QESLS data ifhonolayers of(—) palmitic acid and(— — —) its ethyl ester
not conclusive, since these measurements were not pec;dEt.

formed close enough to the saturation and collapse of the

monolayer. Hard and Neumai0] did not study a molecu-  ¢osity exhibits zero or small negative values in this regime it
lar area smaller than the ones corresponding to the maximuig not possible to evaluate the relaxation time with classical
elasticity in our measurements, below which the d”ationalexpressions such as Maxwell viscoelastic equatién
viscosity changes sign. The high frequency dilational elastic- Figure 9 shows the values ef, for the fatty acid mono-

ity increases upon compression and reaches 80 mN/myfor Cjayers in the high dilution regiofG-LE). One sees that when
and 120 mN/m for &, values systematically higher than the y gecreases, the maximum of the static elasticity increases
maximum elasticity obtained in our measureme@8 and  and shifts to smaller molecular areas. The maximum occurs
100 mN/m, respectively This indicates the existence of a at the molecular density at which excluded area effects be-
faster relaxation process. Likewise, the viscosity obtaine¢ome important, announcing the transition to the LC state.
from QESLS increases upon compression, with maximumgerom a microscopic point of view, the observed behavior
wk values of 2 and 20 mN/m for & and Gs, respectively.  correlates well with a probable increase of molecular tilhas
The Hard-Neumann resulfsl0] were confirmed later by gecreases. The extreme case corresponds to palmitic acid,
Winch and Earnshaw for  [41]. Byrne and Earnshaw \hose chains adopt a nearly vertical all-trans conformation
found some evidence of a drop in elasticity in the highestand does not have an expanded liquid phase. The introduc-

20 A (A*/molecule)

density region of 5 and G, monolayerd42]. tion of the small ethyl group in GEt probably restores a tilt
and thus the LE phase.
IV. DISCUSSION Upon further compression, the monolayer undergoes the

) . " . LE-LC transition, where the surface pressure remains con-
Let us first compare the dynamic elasticity of the studledstam’ implying a static modulus equal to zero. The dynamic

Langmuir films with the static one,: values however are non zero, both in our experiments and in
QESLS one$40,42. Obviously, a relaxation process occurs
o= lim ( Iy — _( Iy ) (8) here also, but since— ¢ is independent on frequency, slow

w0l dINA dlnl collective motions should be responsible for the observed

difference wr>1). In such a composite surface, a possible

If there are no in-plane relaxation processes at frequencigelaxation mechanism is the change of the domain size or
smaller than the one studied and no exchanges with the bullshape upon compression. In their study qf, @onolayers,
e(w)=¢€q. This static elasticity modulus has been calculatedSuresh, Nittmann, and Randel[&s] observed diffusion con-
after numerical derivation of the smoothEHA equilibrium  trolled growth of the domains, i.e., transport of matter be-
curves in Fig. 2a) and 2b). Similar values are deduced from tween the condensed domains and the expanded ones
the curves of Fig. @) obtained from continuous compres- through surface diffusion. The characteristic time of this
sion. Positive differences between the dynamic elastieity mechanism is=1/(Dg g2), Dgbeing the surface diffusion
and the static one, suggest the occurrence of relaxation coefficient, of the order of 10’ and 10 ° cn¥/s in LE and
processes within the monolayer plane, or of shear contributC phases, respective[62]. Hereq~ 100 cmi %, leading to
tions, nonzero only for dense phases. If a relaxation occurs it~10°~1°s. Domain shape changes, on the other hand,
will be accompanied by nonzero values of the loss moduluswould be controlled by the line tension [53]. The line

As it can be seen in Figs. 7 and 3, the dynamic elasticitytension\ should be smaller for the near-critical monolayers
very slightly exceeds the static limit in the LE state of theof C.4 (only 9 °C below the critical temperatureso the re-
fatty acid monolayers. Unfortunately, since the dilational vis-laxation of any strain due to a shape deformation should be
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easier. We come here to one of the key points of our argu- TABLE Ill. Molecular tilt in the condensed LGliquid con-
mentation: if a compression-induced shape transitiorfiensedland SL(superliquid phases of the studied surfactants at the
(monophasic fluid stripe phaswas responsible for the ex- air-water interfacedata from Ref[32]).

istence of negative dilational viscosities, it would occur more e ctant T °C) I (mN/ oh Titt azimuthid
easily close to a critical point. urfactant T (°C) (mN/m) ase it azimutlideg

In the condensed states of fatty acids monolayers- Cu 10 ~5 LC (NN)2 27
creases and reaches, maximum close to collapse area 10 ~20 LC (NN) 9
~19-20 &. The QESLS dynamic elasticities are larger than 10 ~22 SL 0
those for the smaller frequencies studied here, and larger c,, 24 ~10 LC (NN) 25
than the static ones. This indicates the presence of new re- 24 ~18 LC (NNN)° 16
laxation effects, faster than in the LE region. 24 ~22 SL 0

In the collapse region, we invariably observe a drop of CyEt 20 ~6 LC (NNN) 9
elasticity and appearance of negative viscosities, even for the 20 -8 SL 0

monolayer of palmityl ethyl ester. This behavior is very dif-
ferent from that seeifand theoretically predictecby Veer  “NN—chains tilted toward nearest neighbors.
and van den Tempédb4] for monolayers of fatty alcohols. "NNN—chains tilted toward next-nearest neighbors.
Such a behavior has been modeled by assuming a first order
rate process for the diffusive exchange of surfactant betweeof the other segments. It can be concluded that it is easier to
the tridimensional crystals and the monolayer. The collapseross the LE-LC boundary upon compression/expansion in
is predicted to be accompanied by an increase of the dilahe case of fatty acids, where the orientation of the molecules
tional elasticity and viscosity coefficientex sometimes be- changes continuously inside the domains.
ing larger thare. In equilibrium conditions, and at room temperature, the
The key to understanding negative viscosities seems hiddomains in fatty acid monolayers are rather circular in shape.
den in the differences between ester and fatty acids monddowever, in our experimental conditions, with a relative area
layers. We will discuss further these differences as seen imodulation u,~AA/A~510° we have a compression-
BAM, FM, and x-ray studies. Mawald[52] and McConnell  expansion rate of about 3%fnolecule sec, which is at least
[53] observed that monolayers of fatty acids, as well as thosene order of magnitude greater than the highest rates used in
of some lipids, are able to develop complex domain strucmechanical compression experiments, where kinetic effects
tures in the LE-LC coexistence region. These structures reare important. In addition, it is well known that during the
sult from a competition between long range electrostaic  nucleation period, an increase of the compression rate, which
polan forces and line tensiofb3]. The electrostatic energy causes a larger deviation from the equilibrium pressure, also
depends on the domain shape and density, and decreasaereases the number of nuclei. Therefore, the capillary
with the domain size. However, the line tension contributionwaves might be able to create a stripe structure. If such an
increases if the number of domains increases. McConnelhduced phase transition occurs, energy transfer from the
[53] and Seul and Andelmai21] showed that the interplay capillary to the longitudinal waves could occur: after phase
between these two energetic contributions is responsible faeparation, the resulting increase in chemical free energy can
shape transitions. Upon compression, the circular shape typbe transferred back to the capillary wave, leading to a de-
cal of domains in the LE-LC coexistence region becomesrease of its damping. The free energy cost to create a critical
unstable; the domains first adopt ellipsoidal shapes, and fiucleus of the ordered phase should be reduced in the case of
nally transform into thin long stripes. At higher molecular the G, monolayer due to decrease of the line tension close to
density, the electrical repulsion between domains preventthe critical point. It should then be easier to induce the for-
them from fusing and allows the formation of lamellar or mation of a stripe phase, even in a region outside of the
hexagonal bidimensional superlattid@4,53. These macro- metastability regior{between the binodal and the spinddal
scopically modulated phases were predicted theoretically foand, indeed, negative dilational viscosities are already found
Langmuir monolayers at thermodynamic equilibrium inin the pure LE phase region close to the binodal. It is less
Refs.[26, 29. Visual observation of these textures at roomevident to account for negative viscosities in the concen-
temperature is possible only in metastable states obtainadhted phases region; however, a similar explanation can be
after mechanical compression of the monolayer. Howevertentatively proposed.
the stripe textures develop spontaneously in monolayers of In Table lll, the sequence of appearance of the different
C,4 and Gy at low enough temperatures, normally below thecondensed phases is presented for some compounds. These
triple point (T;~5 °C for C, and ~17°C for Gg). In the  data have been recently obtained from grazing incidence
case of G, aligned stripes have sometimes been observe¥-ray diffraction and BAM experimentg32]. Two particu-
even at 12 °@23]. The stripes tend to be aligned perpendicu-larities concerning the GEt monolayers can be noticed. The
lar to LE-LC boundaries, and grow primarily by diffusion first one concerns the LE-LC phase transition. For fatty ac-
[23]. From the polarization analysis of the refraction indexids, the LC phase is a nearest-neighbor tilted phase, whereas
variations of the BAM images, Ruiz-Garcét al. [23] con-  for the ester a more ordered next-nearest-neighbor tilted LC
cluded that these stripe structures are associated to a spaflase with a small polar tilt angle is obtained upon compres-
modulation of the molecular tilt azimuth. sion. In general, fatty acids differ from their esters by a
In the ester case, the domains have a well defined suliigher polar tilt angle with a higher dispersion of the tilt
structure, with a sixfold division. In each of the six segments,azimuth at the air-water interface. The second particularity
the molecules have a uniform orientation, different from thatconcerns the LC-SL phase transition, which occurs at rela-
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0.0 0.2 04 effective, possibly explaining why negative values of the di-
el ' ' ' ' ] lational viscosity are still found. Similar results have been
obtained for the other fatty acid monolayers.

When negative viscosities appear after the resonance con-
dition, spatial profiles are distorted close to resondifgg.
7(b)]. The amplitude of the signal is modulated and does not
decay exponentially. Rather than being due to surface inho-
mogeneities, as discussed in Sec. Il B, this could be a clear
signature of mode coupling.

We have attempted to observe directly the possible phase
transition produced by the capillary wave. For this purpose, a
Langmuir through with its electrocapillary excitation device
was installed in a BAM setup. We were unable to observe
any stripe phase. However, this only means that the lifetime
of the stripes, if they are produced, is shorter than the time

o (cm‘l)
N (o8] (98]
(o] [ [ )
A (Az/molecule)

o
~

b
o

[}
—_— ! -
E of E 4 required to obtain a BAM imagé~1 ). This is consistent
E & 1 with the fact that the energy transfer should follow the wave
g 20 - 8 o - excitation, i.e., be fast.
! o ]
-30 + E o 00 e
I
j

V. CONCLUSIONS

-40 1 1 1 " |
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Negative values of the dilational viscosity, experimentally
P=ely observed in soluble and insoluble monolayers, might be
FIG. 10. (a) Spatial damping coefficient for the palmitic acid ff?gssidrf:():/epvr\]/:\slistr?%lt:ao;rsclgr?g; ?%nb);é?ﬁezrﬁ@%%téon of
monolayer aff =20 °C as a function of the experimental values of . . N . .
the elasticity ratioB=e/vy. For the sake of comparison with the viscoelastic beha,‘"‘?r and the phase d'agram hgs been evi-
data in Fig. 5, the values of molecular area are also shown in thgenced' The proximity Qf the 2D L,E'LC Cr't'c"’_‘l point, Wher(?
right vertical scale. The continuous lines are only a visual guige.  Strong monolayer density fluctuations occur, is one key point
Dilational loss modulusax at v==800 Hz as a function of. Note  IN the appearance of negativevalues. The particular mor-
that negative values are only found B B,.c~0.16 (vertical ~ Phology and structure of the phases also seem to play deci-
dashed ling This condition impliesA<26 A2 (see Fig. 5. sive roles. In particular, the role played by the molecular tilt
is a second key point. Finally, there is a third point, the
tively low surface pressure-6 mN/m) for the esters as com- coupling between longitudinal and capillary modes, which
pared to fatty acid$~22 mN/m). This leads us to conclude Seems to facilitate the decrease of the viscous dissipation,
that the transition to stripe phases is easier for fatty aci@specially near resonance conditions. When the three condi-
monolayers than for the esters. tions are simultaneously present, very negative effective di-
Let us finally consider the hydrodynamic aspects. Aslational viscosities can be obtained, as in the case of myristic
mentioned in Sec. |, the hydrodynamic coupling betweergcid monolayers.
transversal and longitudinal waves is more effective close to EXperiments on other systems are needed to confirm these
the resonance conditiof=&/y~0.1-0.2. This leads to a ideas. In particular, the extension of the frequency range will
linear mode mixing at resonance, where energy transfer b&e helpful to clarify the relaxation aspects.
tween modes is more effectiyb5]. As a result, the capillary
damping coefficient is at a maximum at resonance. Figure 10
shows the damping coefficient of the capillary modes and the
calculated values of dilational viscosity for the monolayer of F.M. thanks European Commission for financial support
palmitic acid. When the resonance condition is approachednder Contract No. FMBICT960872. Dr. C. Mingotaud
(B8~0.16), the capillary damping increases to its maximum(CRPP, Franceis gratefully acknowledged for his help with
value, in coincidence with a jump @« to negative values. the BAM instrument. We thank also Professor R. G. Rubio
After this point, the condition for mode coupling is less op- (UCM, Spain for fruitful discussions on phase coexistence
timal (8~ 0.4); energy transfer is still possible, although lessand metastable states.
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