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Small angle neutron scattering near the wetting transition: Discrimination
of microemulsions from weakly structured mixtures
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The wetting transitions of watem-alkane, andn-alkyl polyglycol ether (CE;) systems are
examined in order to locate the transition between weakly structured mixtures and microemulsions.
Using small angle neutron scatteri@gANS) we determine the local structure and relate it to the
phase behavior and wetting transitions observed by macroscopic measurements. We measure the
SANS of the mixtures across the transition along two different experimental paths. One path begins
with well-structured mixtures, and the effective chain length of the surfactant combination
CgE,/C,E, is decreased by increasing thgBg fraction. The other path starts with equal amounts of
water and oil mixed by the strong amphiphilesEs. The local structure of these “good”
microemulsions is weakened by increasing the temperature and concomitantly the oil/water volume
ratio approaching the upper critical endpoint. As in previous studies analyzing the scattering
experiments quantitatively permits determination of the amphiphilicity factor which is a measure of
the strength of the surfactant. We confirm predictions that the amphiphilicity factor measured at the
wetting transition becomes more negative as the temperature interval between the transition and the
critical endpoint decreases. ®96 American Institute of Physids$S0021-960606)50609-7

I. INTRODUCTION the polar excess phasea)(and nonpolar excess phade) (
_ _ _ _ but rather forms a lens at tleéb interface if it is a structured

Microemulsions are thermodynamically stable mixturesmicroemulsion. Schubest al. examined how the scattering
of water, oil, and surfgctants. Using ternary systems Withheak vanishes when by decreasing the amphiphilicity a
surfactants of the family of the-alkyl polyglycol ethers ¢rossover from a nonwetting to wetting surfactant-rich phase
(denoted as (&) one can demonstrate that the longer chainig induced2 so that phased) spreads at the interface be-
surfactants exhibit an interfacial film separating the polar anqcen phasesa) and (b). They compared their findings

. “ » . . 1,2 . .

nonpc_>lar domams( good” microemulsions. W'th_ de- with theoretical predictions by Gompper and ScHiclana-
creasing chain length Of. thg su'rfactan.ts a decrgasmg degr%&ing the SANS spectra in terms of an amphiphilicity factor
of ordering of the amphlphlles n the |n.terface 'S.Observ.ed'(denotedfa) permitting to quantify the amphiphilic strength.
Such less-structured fluids offer interesting potential appllca,—o\S Gompper and Schick had predicted the transition from a
tions as solvents of intermediate polarity for chemical reac-

tions. As the chain length of surfactants is decreased, middlvevemng to a nonwetting middle phase occurred on the micro-

phase microemulsions become able to wet the water/o‘fmUIS'on(that is, on the more structuredide of a disorder

interface? Widom has suggested that microemulsions coul Ine. .For .mic.roemullsions approaching the critigal endpoint,
be differentiated from less-structured mixtures by thist@t iS with increasing asymmetry between oil and water,

feature®> Gompper and Schick suggested that the wettind-a”gevm and co-workefshad obseryed that the scattering
transition is connected to a change in the real-space correl@€ak moved toward larger values with a second peak de-
tion function of the microemulsiorfs The real-space corre- Vveloping aroundg=0. These findings were confirmed by
lation functions are obtained from Fourier transformation ofSchubertet al?
Sma"_ang]e neutron ScatterimsANS) Spectra_ In this paper we extend the work of these two groups
In previous papers Langevietal®® and Schubert and try to answer the question whether the amphiphilicity
et al}? investigated the scattering behavior of microemul-factor at the wetting transition, induced in an asymmetric
sions with varying amphiphilic strengths in order to quantify System by approaching the critical endpoint, becomes in-
the relation of amphiphilic order in the mixtures and thecreasingly more negative as the transition is caused to occur
wetting properties. As Langevin and co-workers showed, théncreasingly closer to the critical endpoint. Recent theoretical
surfactant-rich phasec] does not wet the interface between work including the effect of fluctuations is predicting this to
happer? One knows that one can move the wetting transition

dAuthor to whom correspondence and requests for reprints should be ad:—loser to the endpomt by Increasing the (_:ham Iength Pf the
dressed. surfactanf. Furthermore, we want to quantify more precisely
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TABLE I. The weight fractionse and y and the volume fractio of the samples are given along with the one-phase interval of the mixtures.

System a y 1) ba by b o 1-phase/°C
D,O-n-decane—GE;—CE, 0.3969 0.3913 1 0.3032 0.3138 0 0.3830 11.64-13.71
D,0-n-decane—GE;—~CE, 0.3964 0.5082 0.500 0.2432 0.2513 0.2590 0.2465 18.35-20.07
D,0-n-decane—GE,;—CE, 0.3980 0.5268 0.401 0.2328 0.2420 0.3207 0.2045 20.87-22.02
D,0-n-decane—GE;—CE, 0.3966 0.5535 0.247 0.2212 0.2201 0.4262 0.1325 24.65-25.91
D,0-n-decane—GE;—CE, 0.3967 0.5839 0 0.2031 0.2102 0.5867 0 32.92-34.70
D,0O-n-octane—GE; 0.3883 0.1990 0 0.4042 0.4042 0.1916 0 13.55-15.36
D,O-n-octane—GE; 0.4867 0.1919 0 0.3242 0.4839 0.1919 0 15.40-17.11
D,0O-n-octane—GE; 0.5956 0.1996 0 0.2479 0.5739 0.1782 0 17.23-18.75
D,0O-n-octane—GE; 0.7165 0.1697 0 0.1719 0.6835 0.1446 0 18.76-19.86
D,0O—n-octane—GE; 0.8497 0.1152 0 0.0914 0.8163 0.0923 0 19.49-20.50

at which numerical value of the amphiphilicity factor for d 1/a, 12 Cy —12

4

symmetric microemulsions the wetting transition is ap- 5~

proached by weakening the surfactant.
We chose to examine two systems, which permit themay also be expressed in terms of the order parameter coef-

crossing of wetting transitions along the two different experi-ficientsa,, ¢,, andc,. More details are discussed in Refs. 1,
mental paths. We first studied symmetric microemulsighs 2, and 5. The maximum of the scattering peak is related to
—0.5) in the systems BD—n-decane—GE;~G4E, as a func- the correlation length and periodicity 1y

2\c,)  4c,

tion of C4E; content. In this family the middle phase wets the om\2 1112
water/oil interface for pure §E;. Increasing the gE, frac- Umax= (T) 2 (5)
tion leads to the wetting transitidiat 5=0.4) (see below for
the definitions ofs and ¢). Next scattering patterns for ter-
. EXPERIMENT

nary water-p-octane—GE; mixtures with varying¢ were

measured in order to determine to what extent local structuré. Materials

persis_t; as the wgtting transition is induced by approaching N-octane andn-decane were purchased from Merck,

the critical endpoint. Darmstadt(Germany with a purity >99%. D,O (degree of
deuteration>99.9% was from Cambridge Isotope Labora-
tory (Cambridge, MA. The solvents were used without fur-

Il. SCATTERING THEORY ther purification. 2-Butoxy ethandH—(CH,),—(OCH,CH,);

Teubner and Stré§ suggested to describe small-angle ~OH; GEy) and diethyleneglycol monohexyleth¢€qE,)

scattering curves by were purchased from FlukdNeu Ulm, Germanywith a pu-

- ) 41 rity >98%. The cloud points at critical composition of the

1(q)=(az+c1q°+cq") " +b, (@) binary systems water-E; were checked and found to cor-

where the parameters stem from the coefficients of an ordéespond to purified surfactants within a few tenth of a
parameter expansion, abds an incoherent background. As degree™>*?Using the known densitieén g/cn) at 20 °C for
has been demonstrated befcfé®and as will be seen below D-O (1.105, n-octane (0.703, n-decane (0.730, C,E
Eq. (1) is indeed a versatile description of scattering peaks if0-903, C¢E, (0.932, and GE; (0.948 volume fractions
microemulsions and their weakly structured counterpartswere calculated. The mass fractiarof the oil in the mixture

The parameters.,, c;, andc, may be grouped together to Of water (A) and oil (B) is denoted bya=my/(m,+my),
formulate an amphiphilicity factor wherem; is the mass componentThe overall concentration

_ U2 v of surfactant C) is calculated from
fa=C1/(4a,C2) @ J=m/(m,+m,+m,). The mass fractions of the second

that has been used a number of times to quantify the ansurfactant D) in the mixture of the twos=mgy/(m;+mg).

phiphilic strength of the surfactaht The factorf, is typi-  The oil/water volume ratiab is defined byp=y/(dh,+ dy,),

cally close to—1 for good microemulsions, is equal to 0 at where ¢, is the volume fraction of component

the Lifshitz line, is equal tot+1 at the disorder line, and is

even more positive near the tricritical point. A graph illus-

trating the relative locations of the regions and points isB- Phase diagram determination and sample

given in Ref. 1. We only note here that at the Lifshitz line thePreparation

peak moves to zerq. The correlation length A detailed description of phase diagram determinations
1(a\¥2 ¢, 7™ can be found in Ref. 1. Here, it suffices to note that the
= — (3 samples were located in the so-called fishtail, that is at a

216 4cz slightly higher surfactant concentratighy about 1% than
and the periodicity the composition of the middle phase. This allows for a one-

J. Chem. Phys., Vol. 104, No. 10, 8 March 1996



3784 Gradzielski et al.: SANS near the wetting transition

phase interval sufficiently wide to assure safe experimenta-
tion. In a water bath the phases were observed as function of
temperature and the one-phase interval was deterntsesl

Table ). From the phase behavior of such systems it can be
judged that these sample are indistinguishably close to the
middle phase microemulsions one finds for the temperature
corresponding to the middle of the one-phase interval given.

D,O/n-decane/C,E,/C4,E,
10% ¢ ———rr ——

There the SANS spectra were taken. Sample preparation was =t

carried out as described in previous pagerall samples

were studied in bulk contrast with water deuteratBdO). 080

All other compounds were hydrogenated. ]
0.40 3

C. SANS experiment 3
0.26 4

As previoushf® the scattering experiments were carried
out on the PAXE spectrometer at Saclay, France.d henge
covered ranged from O<g/nm 1<3.1. The mean neutron
wavelength was.=0.6 nm. The wavelength spread was/
A=10%. The collimation path was chosen such that the q/nm-1
sample-to-detector distance was approximately equal to the
sample-to-source distance. The data were taken at tweG. 1. The scattering curves for waterdecane-GE,—CiE, along with fits
sample-to-detector distances, 1.15 and 5.05 m. All sampled Eq. (1) are shown. Decreasing the radmf C4E, in the mixture of GE,
were measured in 1 mm Hellma QS cells with Teflon stop-and GE, weakens the surfactant and induces the wetting transition. The fit

c K h h d parameters are given in Table Il. As can be seen there the amphiphilicity
pers. Care was taken that the measurements were made 3Bor changes sign close to the point of the wetting transition.
homogeneous samples.

D. Data treatment water and oil, whereas fof=0 one needg=0.584. Also,
with decreasing effective chain length of the surfactant mix-

di Thg scla(;tetre? |n'\t/|en3|ty wast rfetcilorc_ied hon ? tV\gt)'ture the one-phase region is shifted to higher temperatures.
Imensional detector. Measurement ot tne INconerent SCalteg,, offects contribute to the occurrence of a wetting transi-

ing of H,O with sufficiently good statistics was used to cali- tion for this system located a=0.40 (+0.05. For lower
brate the sensitivity of the individual cells. The raw data e

. . . ne observes a wetting and for higha nonwetting middle
were normalized by the monitor value, radially averaged an(ghase
corrected for the detector sensitivity, using standard softwar Th.e system GO-n-octane—GE; is suited to examine
existing at Saclay. Conversion of these relative intensitiey . offect of the oil/water ratio on the wetting properties of
into absolute unitgdifferential cross section, referred to as

| d b . he | v of th : the middle phase. Increasing oil contefiteads to a reduc-
(0)] was done by measuring the intensity of the prlmaryti%g of required surfactant volume fraction accompanied by

beam using an attenuator and a graphite sample as descnbﬂa] characteristic shift in temperature toward the upper criti-

13 :
by Cotton.” In all cases the scattering of an empty cell was . endpoint temperatuf,=19.5 °C(see Table)l The wet-

subtracted and the transmission of the samples properLé{ng transition in this system occurs fg@r=0.85(=0.05), for
taken into account. Data sets from the two sample-to- ’

. . T,—T=0.2(=0.1 K).
detector distances were independently placed on absolute' ( )

scale and were in good agreeméalivays less than 5% dif-

ference for a given sampleThe data taken at the two dis- B- The system water— n-decane—C,E,~CqE,, effect of
tances were then superimposed and used this way for thseurfaCt"’1nt chain length
analysis. The measurements were extended to sufficiently In Fig. 1 the bulk contrast scattering spectra of the
large g in order to obtain good estimates for the incoherentD,O-—n-decane—gE;—CsE, systems are shown on absolute
background scattering, precise knowledge of which is imporscale. All spectra are presented on a double-log scale and are

tant for quantitative analysis of the scattering curves. displaced from each other by integer numbers of orders of
magnitude as indicated. The solid lines through the data
IV. RESULTS points represent the fits using the Teubner—Strey formula

[Eg. (1)]. The fit curves describe the spectra quantitatively,
with the fit parameters are summarized in Table II. Previ-
In Table | the one-phase intervals for the systemously obtained SANS datahowed an amphiphilicity factor
D,0-n-decane—GE;—CE, (¢=0.50 are given. As can be for the §=1 sample (there it was denoted I6K }0of
seen, with increasing amount of,E the effective chain f,=—0.63 in very good agreement with the present observa-
length of the surfactant mixture decreases, resulting in a legon of f,=—0.62 (see Table I|. Decreasing the effective
effective surfactant mixturée.g., for 6=1 a surfactant frac- chain length of the surfactant mixture leads to a decrease of
tion of y=0.391 is required to solubilize equal amounts ofthe coherent scattering intensity. Increasing surfactant con-

A. Phase diagrams and wetting transitions

J. Chem. Phys., Vol. 104, No. 10, 8 March 1996
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TABLE II. The fit parameters for the fD-n-decane—GE,—CE, system,a, (in cm), ¢, (in cm nnf), ¢, (in
cm nnf) and the incoherent backgroubdin cm™2). Also given are the correlation lengéand the periodicity
d [from Egs.(3) and(4)]. The location of the maximum,,, [from Eg. (5)] and the amphiphilicity factof,
[from Eq. (2)].

Sample,s a, [ c, b &nm) d(nm) Qma{nm™Y) fa
1 0.067 —0.130 0.1692 .76 291 8.87 0.620 —0.62
0.500 0.165 —0.035 0.0989 .80 1.34 7.33 0.422 -0.14
0.401 0.202 0 0.0899 .82 1.16 7.26 0.077 0
0.247 0.249 0.090 0.0664 .85 0.87 7.92 0.34
0 0.351 0.290 0.0409 .82 0.56 1.21

entration leads to a decrease in the length sdalend the broader the fit in thisg range becomes perfe¢ty)=0.60,
contrast supplied by the JO. The incoherent background 0.70Q...).
determines the scattering intensity at highOn approaching
the wetting transition(located at$=0.40, the scattering v, pISCUSSION
peak moves continuously towag=0, as is evident from o .
Table Il, and the amphiphilicity factdr, changes sign there. The amphiphilic strength of the surfactants in ternamy
This indicates that the transition occurs very near the Lifshit?Seudoternanmixtures watern-alkanes, and-alkyl polyg-
line. The correlation lengtl§ andd [calculated from Eq3)  'Ycol ethers(GiE;) depends on the chain length of the surfac-
and (4)] decrease systematically as function of the chairfant, the composition of the mlxtures_, chain length of the
length of the surfactant. However, as the disorder |inehydrozcgrpon and temperature. As discussed by Schubert
(where d becomes infinitg is approached! does indeed et al, |t_ is poss@le_fto_ shrink the three phase body with
begin to increaséseed for §=0.25 in Table I). decreasing amphiphilicity for aqueous systems starting from
CqE, by adding GE;. For sufficiently weak surfactants or
surfactant mixtures a transition in the wetting behavior is
C. The system water— n-octane—C gEs, effect of ol observed, before the three-phase body disappears at a tricriti-
content cal point. The middle phase c] for the system
] . ) ] D,0O-n-octane—GE,, for instance, wets tha/b interface,
We studled. the sca?t'erlng behavior of this system pewhereas using §E,, instead of GE;, phase ¢) does not
cause the wetting transition can be approached by varyinget! The change in these systems was interpreted as a tran-

the water-to-oil ratio for a given ternary system. Comparedsition from weakly to more structured mixturet*~® An-
to the watern-hexadecane—E, system studied

previously-®’ C4E; is a stronger amphiphile. This is seen by

the minimum amount of surfactant needed to solubilize

equal amounts of water and @dee Table)l For the system D,O/n-octane/C4E,
CeE,y=0.391, for the system {E;y=0.199. The scattering E A y
spectra are fitted usir{gq. (1)]. Critical scattering is seen to e

2
occur approaching the critical endpoint. In Fig. 2, again on a "
double log scale, the=0.90 sample is given on absolute 100 L ]
scale. The neighboring compositions are displaced again by a F E
factor of 10. With increasing oil contefifrom bottom to top _ 100 ]
in Fig. 2) one finds a weakening of the characteristic peak, E E
while at the same time the scattered intensity at bpn- %_10_1 ]

creases. The fit parameters are summarized in Tablé ]Il
decreases, but is still larger and negative at the macroscopi-
cally observable wetting transition, which is found at
¢=0.85. The peak at largg (clearly seen foxp=0.50, 0.60,
0.70 in Fig. 2 disappears for largep, but a shoulder re-
mains, an indication of persisting structure. This feature is
different from the waterr-hexadecane—E, system(com-
pare to Fig. 5 in Ref. )l At q=0 the intensity rises for 0.1
increasing¢ (seen for$=0.80, 0.90 accompanied by,
becoming of smaller magnitude, but still remaining negative.
Looking very closely for$=0.50 the fit in Fig. 2 shows FIG. 2. The scattering curves for waterectane GE; along with fits of Eq.

a slight deviation foq=2q,,,.. This has been noted befdte, (D are shown. The wetling transition is passed by changing the volume
- . ... fraction of oil with increasing temperature the middle-phase approaching the
and is a consequence of the relat'vely sharp peak eXh|b'tmgpper critical temperature of the three-phase body, and inevitably wets the

to some degree second order scattering. As the peak becomss interface.

109

104

10
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TABLE lIl. The fit parameters for the ED—n-octane—GE; system(units as for Table )l along with the
correlation lengthé and the periodicityd [from Egs.(3) and(4)]. The location of the maximum,,.[from Eq.
(5)] and the amphiphilicity factof, [from Eqg. (2)].

Sample,¢ a, o c, b Enm  d (M  Guay (MY fa
0.5 0.0071 -0.087 0.4201 060 870 18.38 0.322 —0.80
0.6 0.0075 —0.086 0.4199 068  8.00 18.29 0320 -0.77
0.7 0.0067 -0.061 0.3389 076  6.29 18.50 0.300 -0.65
0.8 0.0063 —0.053 0.4050 083 581 20.38 0.256 —0.53
0.9 0.0082 -0.065 07251 098  5.70 22.85 0212 -0.43

other way of inducing the wetting transition, already inves-slightly. Also these findings are in agreement with Schubert
tigated by Langeviret al® and later by Schubest al,>isto et al! Calculatingq,,,, from Eq. (5) one finds that the scat-
change the oil/water ratio approaching one of the criticaktering peak moves to smallgrexhibiting a less pronounced
endpoints. The wetting transition can be made to approacheak in approaching the wetting transition, in agreement with
the endpoint even more closely by increasing the chaitheory’ The scattering intensity increases @0 in ap-
length of the surfactant. It has been predicted by Schmid angdroaching the critical endpoint, accompanied by less
Schick that as one does so, the value of the amphiphilicitynegative. However , at the wetting transition in this system
factor at the wetting transition will become increasingly is more negative than at the wetting transition in the shorter
negative. In the following we will analyze the experimental chain  surfactant  system ,D-n-hexadecane—E,
scattering curves in terms of the appropriate scattering fungsreviously studied. These findings are agreement with the
tion [Eq. (1)] and extract the amphiphilicity factors. theoretical predictions by Schmid and Schick.

A. Effect of surfactant chain length

Changing the surfactant chain length induces systemati€. Wetting transitions and amphiphilicity factors
changes in amphiphilicity (see Table . In the

) . In the previous papetg a number of wetting transitions
water-n-alkane—GE;—CgE, system a shorter effective chain P bap g

length of the surfactant mixture leads to three phase bodies %iigrlr;\ﬁst;gilgeg;v g? ttr?: \(/)vt()aft?r:\g/]att;ggstirt]i?)tna\?v:smg:rllzrs"tg:{
a .

higher temperatures and larger surfactant concentrafins with all systems studied. Thus, wetting transitions were lo-

Table. ). The scattering behavior qhanges according to th(:f:ated on the miroemulsion side of the Lifshitz lig@here
effectively weaker surfactant and increased surfactant CON: 5y and f —0), which is, as predicted by theory, on the
centration. The spectra become less pronouiised Fig. 1 ! a ' P y Y,

L . o . microemulsion side of a disorder linat whichd goes to
The amphiphilicity factorf, varies significantly, changing infinity). Theory predictthe scattering peak to move in to
sign (see Table I at the wetting transition(located at Y). yp gp

6=0.40. This indicates that the wetting transition occursq:0 n appr(_)acr_nng the wetting tranS|t|on_. This feature is
e . S clearly seen in Fig. 1 and the parameters in Table Il for the
near the Lifshitz line, where the microemulsion is weakly

) 2 water-n-decane—gE,;—CsE, system. One can also see that
structured. Concomitantly, we observe that on approachin E1-CeE, sy

the wetting transition, the scattering peak does move con%t the wetting transition in this system we haye=0, that s,

tinuously towards;=0 as expected from theof It occurs near the Lifshitz line.
y = P Y- Previously, studying watern-hexadecane—E,, Lange-

vin et al. observefi that the peak first moved towards higher
g values and then developed at arouge0. Here, we find
For the DO-—n-octane—GE; system, as for all systems for the water-n-octane—GE; system that the wetting transi-
of this type, the oil content taken up by the middle phasetion is clearly located on the microemulsion side of the Lif-
microemulsion is a strong function of temperat(gsee Table shitz line, and all samples still show a scattering peak at
). In other words, the volume fraction of water domains innonzeroq. Separately from this structural scattering, the
the microemulsions decreases as one approaches the criticaitical scattering develops neg=0 upon approaching,
endpoint. As mentioned above, the wetting transition is lo{see Fig. 2 and Table )l Actually, in approaching the Lif-
cated at$=0.85. The scattering spectra reveal the accompashitz line the scattering peak moves somewhat toward

B. Effect of oil/water volume fraction

nying changes in microstructuteee Fig. 2. From Table Il smallerq (see Table Ill, but it was not observed to reach
one finds that the magnitude &f decreases with increasing q=0.
¢ towards the critical endpoint, located close to #e0.9 We therefore conclude that depending on the type of

sample, theg¢ of which is a little larger than that of the wetting transition, at symmetry by weakening the surfactant
macroscopically observable wetting transition¢at0.85. &  or by approaching a critical endpoint, the amphiphilicity fac-
decreases andl increases slightly, a similar trend as alreadytors range between 0 an€0.5, and do not occur at a values
observed by Schubeet all? From theory one might have closely centered around0.33 as it seemed from the systems
expected a much stronger movementdobecause one is hitherto studied. Still the conclusion holds that the wetting
moving towards the disorder line, howevdrincreases only transition occurs on the microemulsion side of the disorder
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line (for which f,=+1), in agreement with the theoretical through the wetting transitiorisee Fig. 2 and Table |l

prediction® Here, critical scattering and scattering from the microstruc-
ture are superimposed. The scattering peak was found to
D. Critical scattering move to smallerq, but remained non-zero at the wetting

Analyzing the watera-octane—GE; one observes a transition. From the quanqtguvz_a analy3|s_\_/ve conclut_je that
the closer the wetting transition is to the critical endpoint, the

critical contribution at lowq for the larger¢ (see Fig. 2 ructured is th ) Isi tth tting t )
The critical scattering contribution arises from the diver-MOre structured is the microemu'sion at the wetling transi-

gence of the Ornstein—Zernike correlation lenggh asT , is tion, an effect predicted by Schmid and Schiick.
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