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Surface pressure (w)-area (A), surface potential (AV)-area
(A), and dipole moment (u )-area (A) isotherms for N-
(1,1-dihydroperfluorododecyl)-N,N,N-trimethylammonium chlo-
ride (C12-TAC) and perfluorododecanoic acid (FC12) on the sub-
strate of 0.01 M sodium chloride at pH 2.0 were investigated at
the air-water interface by the Langmuir method and the ionizing
electrode method. The temperature dependence of the transition
pressure of each component was not larger than that of normal hy-
drogenated surfactant. The apparent molar entropy, enthalpy, and
internal energy changes of phase transition from the disordered
to the ordered state were calculated. Surface potentials (AV) were
analyzed using the three-layer model proposed by R. J. Demchak
and T. Fort (J. Colloid Interface Sci. 46, 191-202, 1974) for FC12
and Gouy-Chapman treatment for C12-TAC. The contributions
of the w-CF3 group and the head group of the vertical component
to the dipole moment, 1, , were estimated. The new finding was that
the w—A curves are shifted to an area smaller than a molecular area
of two pure components for the mole fraction (x) of perfluorodode-
canoic acid of x > 0.3. The molecular areas negatively deviate from
the additivity rule at discrete surface pressures. Assuming a regu-
lar surface mixture, the Joos equation (Joos, P., and R. A. Demel,
Biochim. Biophys. Acta 183,447, 1969) for analysis of the collapse
pressure of mixed monolayer allowed estimation of the interaction
parameter; & = —4.20atx <0.5and & = —0.24 at x > 0.5 between
two fluorinated amphiphiles.  ©2001 Academic Press

Key Words: Langmuir monolayers; fluorinated surfactants; sur-
face potentials; dipole moments; two-dimensional phase diagram;
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INTRODUCTION

a fluorine atom is the most electronegative of all elements. .
perfluorocarbon chain has very strong intramolecular chem
cal bonds but very weak intermolecular interaction at the san
time. Therefore, it is no wonder that fluorocarbon chains hav
very interesting behaviors that are quite different from thos
of hydrocarbon chains. Many kinds of new, well-defined, an
modular fluorinated amphiphiles were recently synthesize
which allowed formations of various stable colloidal system:
with potential biomedical applications (2). The colloidal sys-
tems include fluorocarbon-in-water emulsion, reverse water (
hydrocarbon)-in-fluorocarbon-in-water emulsion (3), and mi
croemulsion, fluorinated vesicles (4), and fluorinated micro
tubules (5). In addition, fluorocarbons are efficient oxygel
carriers (6).

Various kinds of mixed monolayers made from hydrogenate
surfactant spread at the air/water interface have been studi
(7-10). However, reports on fluorinated surfactants are sti
much fewer in number than reports on hydrogenated surfa
tants. In previous studies, one of the authors has investigat
a mixed monolayer system of dipalmitoylphosphatidylcholine
(DPPC) and hydrogenated or perfluorocarboxylic acids (11, 1:
and reported that perfluorocarboxylic acids and DPPC are pe
tially miscible in the mixed monolayers. The intermoleculat
interaction was rather strong, suggesting that attractive fore
between the two head groups contributes more to miscibi
ity than hydrophobic interactions between long alkyl chain:
(11). As for monolayer made from DPPC or dipalmitoylphos-
phatidylethanolamine (DPPE) and semifluorinated alkanes, ¢
the other hand, the semifluorinated alkanes were ejected c
from the water surface at higher surface pressure and reversil

Fluorinated amphiphiles or surfactants are characterized igymed a second organized layer above a phospholipid-on
stronger surface activity at an interface and by enhancing prépgonolayer (13, 14). . .
erties to aggregate at concentrations lower than those of theil" the present study, the authors have investigated the mor
corresponding hydrogenated amphiphiles (1). This is becal@¥er behavior of N-(1,1-dihydroperfluorododecyl¥,N,N-

trimethylammonium chloride (C12-TAC) and perfluorodode-
canoic acid (FC12) and of their mixtures at the air/subsolutio

1To whom correspondence should be addressed. E-mail: moroiscc@myberface. The C12-TAC is a newly synthesized cationic fluori
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nated amphiphile and, therefore, has never been studied frc
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the point of Langmuir monolayer (15). The characteristic of theolution of surfactants was prepared imhexane : ethanol
molecule is that the shape is rod-like from tail to head with th@ : 3, v/v), and the probe concentration was (7.9-8.ap*
same diameter or of the packing parameter one. First of all, samreleculesil with 1 mol% fluorescence probe. Other experi-
face pressurer()—, surface potential{VV)—, and dipole moment mental conditions were the same as those described in the p
(u1)—area Q) isotherms were obtained for the pure compoundsous papers (18).

and their mixtures. Second, surface potentials were analyzed

using the three-layer model proposed by Demchak and Fort RESULTS AND DISCUSSION

(16) and the surface potential obtained with the Gouy—Chapman

equation. Third, the phase behavior of the mixed monolayers wiasSurface Pressurer(—, Surface PotentialAV)-, and
examined in terms of the additivity of molecular surface area, Dipole Moment 1 )-Area (A) Isotherms

surface pot.ential, and surface dipole.momer)t and by using thq:C12 and C12-TAC did not form a stable monolayer on pur
Joos equation (17) for the molecular interaction. water, and, therefore, the substrate condition was examined
the first step. The optimum pH of the substrate was found to |
2 under the condition of 0.01 M NaCl (1 M 1 mol dn13). This
condition was maintained throughout the experiments.

FC12 and perfluorodecanoic acid (FC10) were purchasedl her—A, AV—A, andu—Aisotherms of monolayers made
from Fluorochem (United Kingdom). They were puriﬁed‘rom pure FC12 and C12-TAC spread on the above subsoluti
by repeated recrystalizations fromhexane/acetone mixedat 298.2 K are shown in the (Figs. la-1b). TheA, AV-
solvent (11:1, v/v). The purity of these surfactants wa& andu.—A isotherms of the FC12 monolayer at the surfac
checked byl°F NMR measurement (UNITY INOVA 400 (Figs. 1aand 1b) are very close to those previosly reported (1
Spectrometer, Varian, USA) and by elemental analysis; tR&Cept for minor distinctions caused by dissimilarities in the
observed and calculated values were in satisfactory agree-
ment (<=4 0.3%). N-(1,1-dihydroperfluorododecylj{,N,N-

EXPERIMENTAL

. . . X T T T T T 1T T T T T 1200
trimethylammonium chloride was synthesized as reported pt 400 |- \l/ (b) .
viously (15). The pure compounds or their mixtures were sprei C f‘\‘\m_*:-

) : 200 | 800
from then-hexane/ethanol mixture (3) at the air/aqueous solu- C AV >
tion interfacen-Hexane and ethanol came from Merck (Uvasol oF M 400
and Nacalai Tesque, respectively. > 200 - n ] e
The 0.01 M (1 M= 1 mol dn73) sodium chloride (Nacalai & : o £
Tesque) substrate solution was prepared using thrice distilli> -400 F ] \:"
water (surface tension, 72.7 mN-hat 293.2 K; resistivity, .600 J .400
18 M) the pH of which was maintained at 2 by hydrochloric C ]
. . . . . . . -800 |- ;
acid (ultra fine grade; Nacalai Tesque). Sodium chloride wz F q .s00
roasted at 700 K for 24 h to remove any surface active orgar  -1000 [ ® 3
impurity. 70 J -1200
The surface pressure of the monolayerwas measured - 3
using an automated Langmuir film balance, which was tt 60 @) =
same used in the previous studies (18). The surface press s0 B 3
balance (Chan RG, Langmuir float type) had a resolution 3 ——CI12-TAC  {
0.01 mN ntl. The trough was made from a 750-€rorass 40 | —FC12 E
sheet coated with Teflon. The monolayer was compressed 30 B 3
a speed of D0 x 10~ nn? molecule® min~. No influence ‘g - 3
of the compression rates (at6x 1072, 1.00x 10°%, and B 20 i z =
2.00 x 10~* nm? molecule’ min—t) was detected within the 10 E ¥ \1/ Wy 3
limits of the experimental error. Surface potential was simu E d . 3
taneously recorded while the monolayer was compressed. 0 ;‘ Cha - 3
was monitored using an ionizi§*Am electrode at 1-2 mm SETFENT EFEEE B AT B
above the interface, while a reference electrode was dipp 0 0.4 0.8 1.2 1.6

in the subphase. The standard deviation for the area w Area/nm?
approximately 100 x 10~2 nn?, while that for surface po-

tential was 10 mV. Fluorescence microscopy (U.S.l. Systenf!G- 1. Surface pressurer|-area §) isotherms (a), surface potential

BM-1000) observation was carried out; 3,6-bis(dieth Iamino&-AV)_A isotherms (b), and surface dipole momeat }~A isotherms (b) of
1 y C12 and C12-TAC on 0.01 M NaCl (pH 2) at 298.2 K. Designated arrows c

9-(2-octadecyloxycarbonyl)phenyl chloride (R18:Moleculagci2 (a,b,c,d,e)and C12-TAC (y, z) correspond to the fluorescence microgra

Probes) was used as the fluorescence probe. A spreadimges in Fig. 3.
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subphase composition. The vertical component of the surfagrazing incidence X-ray diffraction shows a single resolution
dipole momenty ;, was calculated from the Helmholtz equatimited first-order peak at 1.2B! and a second-order peak
tion: at 2.16A1 (19). Such a picture is typical of a hexagonal lat-
tice of closely packed upright molecules. ACithe resolution-
AV =y /eoeA, [ Jimited peak was observed from 5 Aoiown to 0.3 nr. This fact

wheresg is the permittivity of the vacuum ancthe mean permit- shows the coexistence of an ordered phase and a gaseous pf
tivity of the monolayer (which is assumed to be one). FC12 witpwever, at 20C the resolution-limited peak of the ordered
stable up to 60 mN rri* with a transition from a disordered phasé®hase was not found above 0.80%hmhich is in excellent agree-
(gaseous or expanded) to an ordered (LS) one at 6.2 mN ninent with the above fluorescent microscopy data (Fig. 3) ar
(0.73 nn?) as indicated by an arrow (Fig. 1a). The extrapolatéﬂith the isotherm in Fig. 1a. The structure found by the expel
area in the condensed state was 0.28 and the collapsed areaimental study has also been confirmed via molecular dynam
0.24 nnt. These values indicate that the fluorinated chains areSinulation of the CE{(CF,)13COOH monolayer at 8 mN/m and
close contact at high pressure. The C12-TAC isotherm was m&f0 K by Shin and Rice (20). Another theoretical paper by
expanded with a transition from one phase to the other phasé@ie authors (21) explains the presence and the absence
8.2 mN nt! (0.62 nn?) as indicated by an arrow (Fig. 1a). Ittilting transition in monolayers for hydrocarbon and perfluo-
collapsed at 44 mN m (0.33 nn?) with an extrapolated area of finated or nearly perfluorinated amphiphiles, respectively, vi
0.45 nn?. To check the stability of the monolayer, the relaxdifferent amphiphile—amphiphile and amphiphile-water inter
ation of surface pressure for stearic acid, FC12, C12-TAC, afgtions at the surface. All the above investigations show that
a 1:1 mixture of FC12 and C12-TAC after compression up fifst-order phase transition indeed exists in the uncharged p
35 mN nt ! was measured under the above subphase conditifHorinated monolayer, but it does occur between a disorder
Figure 2 shows that the surface pressure of FC12 and C12-TR®se (gaseous or expanded) and an ordered (LS) one. So
decreases more slowly than that of stearic acid. Therefore, th&s FC12 too, the first-order transition is from L2 to LS.
former two monolayers are more stable than the latter. In addi-The surface potential measurement also clarifies the abo
tion, the increase of the surface pressure exhibited by the 1hase transitions. The change ininclination ofahé (or n , }-A
mixture of FC12 and C12-TAC supports a complex formatiol§otherms vs molecular area curves corresponds to the transiti
between them as discussed latter. pressure in the—A isotherms. In the case where an inflection
Figure 3 independently proves the appearance of a condengetiit appears inthaV—Aor 1 —Aisotherm, the points are in-
phase in the FC12 film between 0.74 and 0.6% rand the co- dicated by anarrow (Figs. 1aand 1b). The surface potentha)(
existence of condensed and disordered phases continues deffrC12 always showed a large negative variationdf under
to 0.31 nni. The present fluorescence microscopy confirms ti§@mpression (Fig. 1b). ThaV value monotonously decreased
coexistence of two phases, as is shown by the plateau in @il reached the value 6f1070 mV starting from-200 mV
n—A isotherm in Fig. 1a. The order phase is an LS phase, Biith an absolute difference of 870 mV at the collapse pressu

cause a diredn situ investigation of the same monolayer vigarea (0.24 nf). On the other hand, the C12-TAC monolayer
displayed a much smaller positive variation®¥ from 100 to

350 mV near the collapse area. It has been shown that the s
face potentials of monolayers of a seriegafmonohalogenated
fatty acids and alcohols and of progressively fluorinated fatt
acids were found negative due to the strong electronegativity
halogen atoms, while it was positive for the unsubstituted acic
or alcohols (22—24). It was also found thaV did not change
much with the number of carbon atoms in the fluorinated chai
in the above studies (24), where the carbon atoms are more tt
16 in number. In this study, however, the carbon number of th
perfluoro chain is 12. ThaV values involve the resultant of
the dipole moments carried by the polar head (-COOH, or —N
(Me); CI7), the C—F bond (the- CF; group), the subphase, and
the change in the hydration of the polar head group. As the su
b by been benra b beaa phase and the hydrophobic tail of perfluoro chain are identic;
0 10 20 30 40 50 60 for the two compounds, the big differenceArv between FC12

t / min and C12-TAC should originate from the neutral head group ar
the positive head group of the former and the latter, respective

FIG. 2. Change in surface pressure with time. Langmuir monolayers were The variation of the vertical component of the surface dipol
compressed up to 35 mNTh on 0.01 M NaCl (pH 2). Then, the—t mea- P P

surement was started. (a) C12-TAC, (b) FC12, (c) stearic acid, (d) 1: 1 mixtffaomentu | of FC12 and C12-TAC monolayers under compres
(FC12:C12TAC). sion is also shown in Fig. 1b. A&, value strongly depends
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0.74 nm*/molecule 0.28 nm’/molecule

0.69 nm’/molecule Y 0.74 nm*/molecule

0.48 nm’/molecule

50 pm

FIG. 3. Fluorescence micrographs of FC12 (a, b, ¢, d, €) and C12-TAC (y, z) observed at a continuous compression rate of 0.035!mukeculst
298.2 Kon 0.01 M NaCl (pH 2). The monolayer contains 1 mol% fluorescent probe. The scale bar in the lower left represants 50

on the polar head group’s nature. Upon compressionuthe FC12 monolayer under compression from 1.85 to 0.26.nm
(FC12) changed from-980 to—720 mD viaasmallhump, while The x| —A isotherm of FC12 did not reach a limiting plateau
p1 (C12-TAC) monotonously decreased from 500 to 200 myalue as was usually observed (16, 24) but passed reproduci
Figure 1b displays the variation @f, over the area for the through a minimum-+0.78 D) at 0.28 nrh This suggests that a
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conformational change occurred in the monolayer, although the
nature of this conformational change cannot be specified. A simi-
lar decrease oft, from 0.250 D at 0.222 nito 0.240 D at
0.200 nn% was also observed for the eicosanol monolayer (8).
An unmonotonous variation gf ; was reported for octadecyl
nitrile (16), n-heptadecanol, and 16-bromohexadecanol mono-
layer, too (25). In the case of C12-TAC, it could not be ascer- Z
tained that the variation of | is monotonous, because the/ Z
variation was small and because the change occurred near ttg
collapse of the monolayers. B

2. Apparent Molar Quantity Changes on the Phase Transition

The temperature effect on the transition pressure of the mono
layers is of much interest, since it provides us with the ther-
modynamic information on the phase transition of monolayers.
Figures 4a and 4b show the-A isotherms of C12-TAC and

FC12 at different temperatures, respectively. All the curves have g 5  Transition pressurerd) as a function of temperature on 0.01 M

50 _I LI LI | LU | L I LU | L) I_
40 - ——C14 acid E
N ——FC12 ]
- ——C12-TAC ]
30 - ]
20 F ‘ ]
10 | SO
_I Ll I Ll 1 1l | L1 1 1 I Ll 1 | Ll 1 1 | Ll 1 I_
285 290 295 300 305 310 315

Temperature/ K

a break point, showing the phase transition from L2 phase to®4#c! (pH 2). C14 acid, tetradecanoic acid.

ordered (LS) one on compression. This phase transition was
also confirmed by fluorescence microscopy (Fig. 3). As was ex-

pected, the transition pressures increased with increasing tgy@rature. But the expansion in the-A isotherms on transition

20 _I L LI IIIIIIIIIIIIIIIIIII_

[ FC12(b) ]

15 - K

- - g 1
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FIG.4. Temperature dependence of surface presayreafea f) isotherms
of FC12 and C12-TAC on 0.01 M NaCl (pH 2).

is not so wide as that of the conventional surfactants compos
of cationic hydrocarbon and anionic hydrocarbon as counteric
(26, 27). In addition, temperature dependence of transition pre
sure is relatively small for FC12, while a larger temperatur
dependence is observed in thheA isotherms of C12-TAC.

In Fig. 5, the transition pressure{Y) is shown as a func-
tion of temperature for perfluorinated amphiphiles. The curve
are almost linear, and this figure also includes the temperatu
dependence of®? of tetradecanoic acid (C14 acid) in order to
compare with that of perfluorinated amphiphiles. The slopes ¢
these curves were used in order to calculate the apparent n
lar quantity change on the phase transition. The thermodynarr
guantities on the phase transitions of monolayers were calc
lated by the previous method (18), which takes the contributio
of the substrate of a monolayer into account. The apparent mol
entropy changeAs") on the phase transition was evaluated by
employing Eq. 29 of Ref. 28.

AS (@, ) = (@ —a)[(9°YaT)p — (3y°/0T)p]  [2]
In this equationAs” is an apparent molar entropy changé,
anda® are molecular areas (in square nanometers, the sup
scriptsp anda refer phase statesyfis the transition pressure
from thea phase to thes phase, and? is the surface tension
of the substrate (29p” anda® are estimated as followa® is
the area at the point where the film starts to transform from tr
« to the 8 state. Thea? value is determined in the following
manner; when the pointz€9, a*) is moved parallel to the area
axis to zero area, it comes into contact with the line ofithé\
isotherm of the LS state elongated to the lower surface pressu
The intersection point gives the value. The right-hand side
of Eq. 2 is calculated numerically from the-A curves given in
Figs. 4 and 5.
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TABLE 1 as suggested by Davies and Rideal (31). This model postula
Apparent Molar Quantity Change on the Phase Transition independent contributions by the subphase (layer 1), polar he
of FC12 at 298.2 K (0.01 M NaCl, pH 2) group (layer 2), and hydrophobic chain (layer 3). Independe

dipole moments and effective local dielectric constants are ¢
tributed to each of the three layers. Other models such as t
FC12 80 1) 24 @&1) 41 (1) Helmholtz model and the Vogel anddius model (32) are
C14 acid 47 (1) 14 @&1) 17 @¢1) also available. The differences of these models were review:
in Ref. 33. The conclusion was that, despite its limitations, th
a® = 0.18 nn?, a® = 0.25 nn?. The above numerical values were used forD(:“mChak and Fort, model provides a good agreement betwe
calculation. the values of the dipole moment estimated from the monolay
aAt pH 2. Refs. 28 and 30. surface potentials and those determined from measurements
bulk material for various aliphatic compounds.
We have thus compared the experimental values of the vertic
The apparent molar quantity changess{, Ah”, andAu”) componentst, in the closed packed state with the values o
for FC12 on the phase transition are given in Table 1 together cac calculated from the equation based on the three-lay
with reference data of a typical fatty acid, tetradecanoic acidodel:
(28, 30). As for C12-TAC, the phase transition clearly exists
judging from ther—A curves at different temperatures (Fig. 4), Wicale = (m1/e1) + (n2/€2) + (u3/e3), [4]
but the thermodynamic quantities were not calculated, since the
phase of smaller area was not confirmed to be the LS phaderey.;/e1, u2/e2, andus/es are the contributions of the sub-
by fluorescence microscopy (Fig. 3). The equation used for thrase, polar head, and tail-end group, respectively.
energy change is The authors wanted to determine the contribution of the te
minal CF; group and that of the trimethylammonium chloride
(AU )(a, B) = — (7%= yO) @ — @®) + TAS (o, B), [3] group. As long as they know, the last has not been determine
yet. However, the conformation of the trimethylammonium chlo
which corresponds to Eq. 32 of Ref. 28. It can be seen fromngle group connected with a hydrocarbon chain is likely to b
Table 1 that for the apparent molar enthalpy changes, all the \@ifferent from that of the group connected with a fluorocar
ues are negative as expected. That is, the transition from than chain. In the first approximation, the contributions by thre
disordered phase (gaseous or expanded) to the ordered @®ups were assumed constantand separable. i§8R" may
one is exothermic. The small entropy change of FC12 on the evaluated from the data of stearic acidg(@cid) under the
transitions suggests the slightly more constrained state in gamne substrate condition (see Table 2).
monolayer configuration. Apparent molar quantities of FC12

Compound —As”/(JK1mol 1) —AhY/(kIJmoll) —Au”/(kd mot?)

Note.FC12,a¢ = 0.284 nnt, a¢ = 0.725 nn¥; C14 acid (tetradecanoic acid),

are larger than those of C14 acid. The difference observed in pp  puSOoH MCHs
the values of thermodynamics quantities between them clearly n§="=4"2— 4+ 23 -018D, [5]
evidences the influence of the fluorocarbon chain. é1 &2 €3

Let us look at the FC12 row in Table 1. The apparent mo-
lar entropy change on the transition from the disordered phaldee initial setof values proposed by Demchak and froit 1 =
(gaseous or expanded) to the ordered (LS) oned8 x 107 J 0.040D,ep = 7.6,63 = 5.3;_Ref. 16) was determlpgd for mono-
K~ mol-L. On the contrary, that of tetradecanoic acid at pH layers of terphenyl derlvatlves and octadecyl nitrile. Other se
(28, 30) is 0.58 times that for FC12, although there are mingf values were determined from the recent study (25) by Petr
distinctions caused by dissimilarities in subphase compositic, & (#1/¢1=0.040 D, £2 = 7.6, e3 = 4.2; and pu1/e1 =
The values of the apparent molar enthalpy chamge?’) and 0025 D, e2=7.6, e3=4.2) and by Taylor and Oliveira
of the apparent molar energy changeuf) are of a similar (#1/é1=—0.065 D, &2 = 6.4, ¢3 = 2.8) for monolayers of
trend. The above result can be expected from a fluorocarbon
chain with a carbon number of 6.4. From the bulk properties of
many perfluorocarbons the hydropobicity of fluorocarbon was TABLE 2
found equal to 1.5-fold those of the same chain length of the Surface Potential Data Used for Dipole Moment Evaluation
hydrocarbon. Our experimental value is, however, about 2-fold

instead of 1.5-fold. Compound A (nmP) AV (mV)
. Stearic acid 181+ 0.001 372+ 10
3. Contribution ofw-Group (CFs) and Polar Head Group FC12 0250+ 0.001 _ 1060+ 10
to Dipole Moment C12-TAC 0340+ 0.001 333+ 10

The surface potential of monolayers was often analyzed\ote. AandaV are the values at maximum compression, respectively, whet
using the three-layer model proposed by Demchak and Fort (1163, subphase was 0.01 M NaCl (pH 2) at 298.2 K for the whole compounds.
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w-halogenated fatty acids and amines (33, 34). However, the atiarge density (C A), ¢ is dielectric constant (78.3 at 298.2 K),

thors have used the combination of two sets of valuggd; =
—0.065 D, e, = 6.4, e3= 2.8, anduz = 0.33 D for CH; or

ey IS vacuum permittivity (8854 x 10712 J-1 C2 m™1), andng
is the number density of charges in the system. Equation [

e3 = 4.2 for CF), because they provide a good agreement big- generalized in order to apply to a charge monolayéss;
tween calculated dipole moments and experimental ones dgs calculated to be 0.225 V under the experimental cond
termined for monolayers spread on a saline phase. Some vali®ss, and themp became 0.097 Du; cannot be measured, so
have been proposed fpp for the different conformations of the it is usually combined withu,, which means that the reorien-
COOH (24):12(COOH cis(cis) acid)= 0.820 D,u2(COOH-  tation of water dipoles, as expressed by may well depend

« trang(cis) acid)= —0.640 D, .5(COOH« cis(trang) acid)=  on p,.

3.560 D,u2(COOH« trangtrans) acid)= 0.990 D,u,(COOH-

a cis(free) acid)= 2.360 D, ang,(COOH« trangfree) acid)= TAC cF

0.250 D. Here, we have used the,(COOHw cis(cis) Mc12TAc:M2_+ML:0_097D [10]
acid) = 0.820 D value, because previous studies support + €2 €3

the « cig(cis) acid conformation for condensed alkyl acid

monolayers (16, 35) within the precision of the calculation c

So the value, F3/33) reported can be inserted into Eqg. [10], as-
suminge, = 6.4 andpuz = w1 + 12, which resulted inuJA¢ =
5.5 D for the trimethylammonium chloride head. A change ir
AV may alsoresult from changes in head group hydration. Con
paring—COOH with—N*(Me);CI~, the value of the dipole mo-
ment on—N*(Me);Cl~ is 6.7 times as large as thateCOOH.
The contribution of the —N(Me);CI~ head group is much larger
than that of the fluorinated carbon chain. As a result, the su

(ca. 0.010 D).

Assuming the carboxyl moiety to be in thecis(cis) acid
configuration and using the experimentally determipedval-
ues and the above values;(/e; = —0.065 D, &, = 6.4, up =
0.820 D, anct3 = 4.2), the authors were able to obtaig/e3 =
—0.763, oru$™ = —3.2 D, from Eq. [5]:

COOH ChK . .
MiClZ _m + M2 + M3~ _ _o70D. [6] face potential of C12-TAC shows the positive change, althoug
€1 €2 €3 the number of the carbon atoms of the perfluorocarbon cha

is12.
This value is a little bit larger compared with those reported

for w-halogenated acid«1.8—2.2 D) (24) and trifluoropalmitic
acid (34) monolayers. This difference may come from exper‘f—'
mental conditions such as substrate condition (electrolyte, pH)The two-component mixed monolayer system composed ¢
and compression rates. FC12 and C12-TAC was studied in order to assess the effect
Normally, the estimation of a dipole moment of polar heaghe molecular structure of the amphiphiles on their miscibilit
groups and hydrocarbon tail using the Demchak and Fort moggkhe monolayer and on the molecular state of the monolaye
holds for un-ionized (condensed) Langmuir monolayers withor the above purpose, the-A, AV-A, andu , —Aisotherms of
closely packed vertical chains. Such treatment sets limitatiofhg mixed monolayers of FC12 and C12-TAC were measured f
that are not met by the C12-TAC film having a net charge. TRarious FC12 molar fractionsgc12) at 298.2 K on 0.01 M NaCl
problem could be resolved subtracting the Gouy—Chapman gebsolution and at pH 2.0. The results are shown in Figs. 6a—€
tential from the total surface potential as shown by Davis aiBktween Xgc1o = 1.0 and 0.7, ther—A isotherms display a
Rideal (31). This treatment would be much more appropiaihase transition pressure that decreases with decreXsing
for the C12-TAC monolayer. The following equations were enwhile betweenXrc1, = 0.0 and 0.4 (not shown in Fig. 6), the
ployed for the above procedure. isotherms also display a transition pressure that decreases w
increasingXgc12. Although it is difficult to ascertain the transi-

Ideality of Mixing

AV = 127 up Ly 7] tion pressure between 0.4 and 0.6 mole fractions, the FC12 a
A 0 C12-TAC mixed systems are, at least, partially miscible in th
KT\ o mixed monolayers.
Yo = (;) sinh* [m} (8] Figure 6a might suggest that the-A isotherms can be clas-
vio sified into two types. The first one is fofc1, = 0-0.3, and the
o = p1+ p2 + 3, [9] second one is foXgcio = 0.3-1.0. That is, the first type is that

all the w—A curves of the mixed systems are between those
where A refers to area (nf), up is the vertical component of the pure components and they successively change with incre.
the net dipole moment due to the head group of molecules @ag mole fraction of FC12 over the rangfgc1, = 0-0.3. Onthe
sorbed at the interface), ¥, refers to the electrostatic potentialother hand, the second type of these curves are rather compres
at the interface relative to the adjacent conducting phase (mifito a smaller area, showing a smaller molecular area than tl
k is the Boltzmann constanit, is the absolute temperatueis 7—A isotherm of pure FC12 over the ranggci, = 0.3-1.
electrostatic unit charge,is valency of electrolytey is surface These curves in the expanded scale are shown in Fig. 6d.



MIXED LANGMUIR MONOLAYER OF FLUORINATED AMPHIPHILES

377

T T ] and the second types. That isY (or i, ) changes from a pos-
C (e) = itive value at a larger area to a negative value at a smaller are
500 — = approaching a closely packed area.
- /w The interaction between FC12 and C12-TAC molecules |
- E provided by examining whether the mean molecular areas
=) 0 5 Lﬂ///.; a function of Xgc12 satisfy the additivity rule. Comparison be-
= o ] tween experimental mean molecular areas (closed circles) &
S~ I~ . . . .. .
iy - — mean molecular areas (dashed lines) of the ideal mixing is sho
- ¥ * = in Fig. 7 at four pressures (5, 15, 25, and 35 mNYnFor all
-500 | 3 pressures, it clearly indicates a negative deviation from the the
- &e\j retical lines, indicating some excess interactions between FC
C ] and C12-TAC molecules. These interactions may likely resu
000 b Lo Uy ] from attractive interaction betweeaN*(Me);Cl~ and COOH
400 & ] polgr heads. _ _
C (b) ] Figures 6b and 6¢ examine the influence of ¥y 1, on the
200 |- m AV-A and p1; —A curves. The same analyses of the surfac
0 2 \—_//_j:—_;'?_ potential AV) and of the surface dipole moment () of the
C ] mixed monolayer were also made in terms of the additivity rule
E =200 | L/./—‘/‘———’——: For the mixed system, the results are presented by solid poit
E -400 — —
<600 |~ ] | P L e
o —0O—X = 000 (C12-TAC) - o = F ]
-800 | g S 3 ook~ """~ 0.9F 3
C —— X = 015 . a r 15mN/m ]
1000 [ g Sy 3 0.8 H o0.sF 3
C IX : ggg ] a E_ _E ~_ 0.7 E_ _E
70 F g Sl 11 1  EYE 1 EE E
- (a) —e— X = 100 (FC12) . B 0.6 3 E 0.6 :_ _:
o b Xew 1 Eus E: z
C FC12 7 0.5F 1 < 0.5F 3
- OF E 0.4f 1 iR~ E
B wF 3 0.3F R ;
4 u ] S IS N BT E il
= 30 - 0'20 0.2 0.4 0.6 0.8 1 0.2 Soo T e e
-~ - RAY B ST . 2 g e 0 0.2 0.4 0.6 0.8 1
B ’0 3 6 0.7 FC12 ), I
105— —E 1" 1"
- 0.9 -] 0.9 -]
P S | —_——— E 25mN/m ] - 35mN/m 3
0 0.2 04 0.6 0.8 1 -85 1 °8F E
Area / nm? “g0.7E 4 g o7f =
= o i = 3 3
FIG. 6. Surface pressurerj-area @) isotherms (a), surface potential 50-6;_ E E 0.6 =
(AV)-area @) isotherms (b), sgrface dipole momennt,()—A isotherms (p), :1' 0.5 F B E 0.5 2 E
and expanded scale J—area @) isotherms (d) of FC12 and C12-TAC mixed E 3 s ]
monolayers on 0.01 M NaCl (pH 2) at 298.2 K. 0.4 3 0.4F =
0.3F T~ o 0.3F =
In Figs. 6b and 6c the influences &fc1» on the AV-A 0.2 B bbb b o2b b i b iy
andu | —A isotherms are also examined. From these figures, t 0 0.2 0.4 0.6 0.8 1 0 020406 08 1
AV-A and u—A isotherms can be divided into three types Xz Xpen

The first type is forXgci2 = 0-0.2, where thé\V values exist

on the positive side (gt ). The second type is for the negativefur']:CIt(ii)':'Of

Mean molecular area) of mixed FC12 and C12-TAC system as a

composition of FC12 at four different pressures. Dashed lines we

side of AV (or 11, ) over the range&Xrci2 = 0.5-1.0. The third, caiculated by assuming the additivity rule: solid circles represent experimen
for Xgc12 = 0.25-0.3, is an intermediate type between the firshlues.
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FIG. 8. Surface potential4V) of mixed FC12 and C12-TAC system as a
function of composition of FC12 at four different pressures. Dashed lines we
calculated by assuming the additivity rule; solid circles represent experimen

values.
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ferentinitial pressure. However, as for the mixed monolayer, tr
monolayer formed by cospreading of FC10 and C12-TAC, ther
is little difference between the two systems in theA, AV-A,
and . —A isotherms, except for a small difference in the col-
lapse pressure. This is also the case for the FC12 and C12-T/
mixed monolayer and for the FC12 and C12-TAC cospreac
ing systems, and, therefore, the-A, AV-A, and u,—A
isotherms are completely the same. The FC12 and C12-TAC &
approximately the same in chain length, and a cohesive for
between their fluorocarbon chains is stronger than that for tt
FC10 and C12-TAC system. The-A isotherm of the FC12 and
C12-TAC system is shifted to a smaller area compared with th
of the FC10 and C12-TAC system. The difference in cohesiv
force between the mixed systems is reflected upomitie-A
andu, —Aisotherms’ behaviors. Judging from the above obsel
vation, it is quite clear that the outstanding condensing effe
on ther—A isotherms results from the complex formation by
strong ionic interaction between the head groups. The compls
formation of a one—one ratio in a bulk solid was also confirme
by elemental analysis.
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in Figs. 8 and 9, where the dashed lines are the medrand
the mean, from the additivity rule. The., values at various
surface pressures (5, 15, 25, and 35 mN/m) showed a sigmoi
shape, where the deviation from the additivity rule is 100 mD ¢
maximum.

It can be seen from Fig. 6 that the isothermsXqfci2 =

=]
=

500

0.3-0.9 on the 0.01 M NacCl electrolyte (pH 2) are compresse;.,

to a smaller area than pure FC12 area on the same subst
(Fig. 6d). So there comes the question, what is taking place
the monomolecular state. To investigate the mixed monolay
state of FC12 and C12-TAC, the cospreading method (364
was employed for the same system. Typical examples of tl
mixed monolayer and cospreading of FC12/C12-TAC are shov
in Fig. 10. This figure also includes the FC10/C12-TAC syster
in order to compare it with the FC12/C12-TAC system. FC1
does not form a stable monolayer in theAisotherm at 0.01 M
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NaCl electrolyte (pH 2). The FC10 system shows a big differengg

FIG. 9. Surface dipole momeniu( ) of mixed FC12 and C12-TAC sys-
f as a function of composition of FC12 at four different pressures. Dashe

in the r—A, AV-A, andu —A isotherms from the FC12 and ines were calculated by assuming the additivity rule; solid circles represel
C12-TAC system. At the same time, FC10 and FC12 have a difperimental values.
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FIG. 10. Surface pressurerf—area Q) isotherms (a), surface potential

(AV)-area @) isotherms (b), and surface dipole moment j—A isotherms

(c) of mixed FC12 and C12-TAC system and cospreading FC12 and C12-TAC
system on 0.01 M NaCl (pH 2) at 298.2 K. Mixed, mixed monolayer is composed

of FC12 and C12-TAC; Co-s, cospreading FC12 and C12-TAC.

5. Two-Dimentional Phase Diagram

A two-dimentional phase diagram of the FC12/C12-TAC
monolayer is shown in Fig. 11. Filled circles are the collapse
pressurer® determined at different mole fractions, while the-c15 inami

dashed line is the collapse pressure §oe 0 from Eqg. [11].
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bulk phases of the FC12/C12-TAC mixture can be theoreticall
simulated by the Joos equation (17)

c,m

w@ exp[£(x5)°]

1=x11 exp( T

+ X5y exp(%wz) expl& (xf)z], [11]

wherex; andx5 denote the mole fraction at the surface of com
ponents 1 and 2.1 andnc» are the corresponding collapse
pressuresr. m is the collapse pressure of the mixed monolaye
at given compositions of the surfaog, andx3; w;, andw, are
limiting areas at the collapse point; and y, are the surface
activity coefficients at the collapse poirdt;is the interaction
parameter; anllT is the product of the Boltzmann constant anc
the Kelvin temperature. The solid curve is made coincide wit
the experimental values by adjusting the interaction parargete
of the above equation. Here it is noteworthy that the FC12/C1.
TAC system produces a negative interaction parameter. The n
finding is that the FC12/C12-TAC mixed system has two interax
tion parameterss = —4.20 for Xgc12 = 0-0.5, and = —0.24
for Xgc12 = 0.5-1. So, the two regions in the two-dimensiona
phase diagram result. The first regiondgc1, = 0-0.5, where
FC12and C12-TAC components form acertain complex. Thati
this region consists of the complex and excess C12-TAC, whe
the FC12/C12-TAC complex grows untd{gc1, becomes 0.5.
The second region consists of the FC12/C12-TAC complex at
excess FC12. The negative interaction parameter implies that
interchange energy between the two molecules is larger than 1
mean of interaction energies between the same molecules. A
the interaction energief\¢) were calculated to be 1.74 kJ/mol
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FIG.11. Collapse presssuref) as a function of the surface composition of
xed monolayer. The solid was line calculated according to Eq. [11

the dashed line was calculated according to Eq. [11] in the case-08. Solid

The coexistence phase boundary between the expanded anditties represent experimental values.
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(¢ =—-4.20) and 99 J/mol = —0.24). Thus, the two 4. Riess, J. G.). Drug Target2, 455-468 (1994); Riess, J. G., and Krafft,
components are miscible in the expanded state as well asM. P.,Chem. Phys. Lipid25, 1-14 (1995); Krafft, M. P., Giulieri, F., and
in the condensed state. Their mutual interaction energy be- Ri€ss. J. G.Angew. Chem. Infl. Ed. Eng832, 741743 (1993); Riess,

. . . J. G., Fezard, F., Greiner, J., Krafft, M. P., Santaella, C., Vierling, P., anc
tween the two components m_ the m'xe‘_j mon0|ayer_ls stronger Zarif, L., in “Liposomes—Non-medical Applications” (Y. Barenholz and
than the mean of the interaction energies, as mentioned abovep, |asic, Eds.), Vol. IlI, p. 97. CRC Press, Boca Raton, FL, 1996.
(Refs. 18a—18d). Figure 9( —Xrc12relationship) shows com- 5. Giulieri, F., Krafft, M. P., and Riess, J. G\ngew. Chem. Intl. Ed. Engd4,
mon characteristics of mixed monolayers in which ion—ion or 1514-1515 (1996); Giulieri, F., Guillot, F., Greiner, J., Krafft, M. P., and
ion—dipole interaction takes place. The surface potential must Ri€ss. J. G.Chem. Eur. J2, 1335-1339 (1996). _

. . . e . 6. Riess, J. Gin “Blood Substitutes: Principles, Methods, Products and Clin-

_resu_lt in a_negafuve d_ewatlon_ from the additivity rule, since ical Trials” (T. M. S. Chang, Ed.). pp. 101-126. Karger Landes System:
ion—ion or ion—dipole interaction reduces the average surface georgetown, 1999; Riess, J. Glew J. Cheml9,893 (1995); Riess, J. G.,
dipole per molecule in the mixed monolayer (41, 42). To in- Art. Cells Blood Subst. Immob. Biote@®, 123-360 (1994).
vestigate the above phenomena in more detail, the miscibilif§ Adamson, N. K.jn “The Physics and Chemistry of Surfaces,” Chap. 2.
of the FC12/C12-TAC system must be further studied by other Dover, New York, 1968. _ _

. : . 8. Harkins, W. D.,in “The Physical Chemistry of Surface Films,” Chap. 2.
techniques such as elllpsometryz Breyvster angle MICroSCOPY, peinnold, New York, 1952.
and fluorescence microscopy, which will be reported in a futurg, gaines, G. L.jn “Insoluble Monolayer at Liquid-Gas Interface.” Inter-
paper. science, New York, 1966.

In conclusion, the new finding of this study is that single-chaitp. (a) Matuo, H., Yoshida, N., Motomura, K., and Matuura, Bull. Chem.
C12-TAC can be spread as a stable monolayer at 298.2 K on 0.0lgﬁﬁ- JCT;?T? ‘;%70%%22? ggs'\"(i‘gj;’é)'*;n'\gzoggg’ (Klé g;‘ﬁ '(\(":;‘t,\‘;‘;'t‘zo R.,
M NacCl subp_hase at pH 2 and that C12-TAQ exhibits a cert_aln H.. Motomura, K., and Matuura, RChem. Phys. Lipid@8, 281385
phase transition. The two polar heads, the trimethylammonium (1981) and30, 353, (1982); (d) Matuo, H., Rice, D. K., Balthasar, D. M.,
chloride group and the carboxyl group, strongly influenced the and Cadenhead, D. AGhem. Phys. Lipid80,367 (1982); (e) Matuo, H.,
surface potentials. The Demchak and Fort model and the Gouy— Mitsui, T., Motomura, K., and Matuura, RChem. Phys. Lipid29, 55
Chapman equation were applied to analyse the surface potentjals1981)- _ , _
of FC12 and C12-TAC respectively from which the dipole mol_l. Yamamoto, S.., Shibata, O., Lee, S., and SugiharaRi@g. Anesthesiol.

! . ! . i Mech.3 (Special Issue), 25-30 (1995).
ments of the head group (trimethylammonium chloride) and @, shibata, ., Yamamoto, S., Lee, S., and Sugiharal. Golloid Interface
the terminal group (C§) were determined. Then, it was found  Sci 184,201 (1996).
that the hydrophilic head groups contribute significantly to tHe. Krafft, M. P., Giulieri, F.,, Huo, Q., and Leblance, R. M., in preparation.
surface potential. The outstanding condensing effect onttfe  14- Wang, S., Lunn, R., Krafft, M. P., and Leblance, R. Mangmuir 16,
isotherms K > 0.3) may result from the complex forma- 2882-2886 (2000).
. _FClZ— : y . P . 15. Yamabe, T., Moroi, Y., Abe, Y., and Takahashi, Tangmiur 16(25),
tion. Assuming a regular surface mixture, the Joos equation was g754-9758 (2000).
applied to trace the collapse pressure of a mixed monolayer fer pemchak, R. J., and Fort, T., J., Colloid Interface Sci46, 191202
miscible components. The two regions in the two-dimensional (1974).
diagram were proposed, where the interaction parameters e\]/éi—ﬁo)‘); _F;v ':‘”doDe'\r;l‘e" R-Y‘Bgcfl'm-M B'Ophg’i)lAtCta%g” (1_962)-1806
_ . . . (A Ibata, O., Morol, Y., Salto, M., an atuura, ngmiuro,
uated £ = _4'120' and-—0.24, .., an interchange energy of (1992); (b) Shibata, O., Moroi, Y., Saito, M., and Matuura, Ruin Solid
1.74 kJ mof~ and 99 J mol®, respectively) indicate s 242 273 (1994); (c) Shibata, O., Miyoshi, H., Nagadome, S., Sug
miscibility of the fluorinated amphiphiles in a monolayer inhara, G., and Igimi, H.J. Colloid Interface Sci146,595 (1991); (d)
state. Miyoshi, H., Nagadome, S., Sugihara, G., Kagimoto, H., Ikawa, Y., Igimi,
H., and Shibata, OJ. Colloid Interface Scil49,216 (1992); (e) Shibata,
0., Moroi, Y., Saito, M., and Matuura, RThin Solid Films327-329, 123
(1998).
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