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Novel surfactants of perfluorinated double long-chain salts with divalent counterion of separate electric charge,
1,1-(1,w-alkanediyl)bispyridinium diperfluorononanoateB@(FG),, n = 2, 4, 6, 8) were newly synthesized. Their
solution properties were investigated by surface tension measurement over the temperature range from 298.2 to 313.2
K, where magnesium diperfluorononanoate (Mggfzlvas employed as a reference surfactant with divalent counterion
of concentrated electric charge. From change of surface tension with concentration, the critical micelle concentration
(CMCQC), surface excesd], apparent molecular surface arég,(and—log(concentration to reduce surface tension
of water by 20 mN m?) (pCyo) were determined. The CMC values ofBP(FG), decreased with increasing charge
separation and with increasing temperature, where the valuesB&(EG). were much smaller than those of Mg-

(FGCo)2. In addition, the pg, values of the former were also much larger than those of the latter. These results indicate

a strong influence of the extent of charge separation or the spacer length of the counterions upon surface activity of
the fluorinated surfactants. The surface excess or the corresponding apparent molecular surface area monotonously
changed with the spacer length£r6), whereas the behavior for= 8 was much different from the otherBP(FG),

due to conformational change in the in-between alkanediyl chain. The entropy chAsyés the surface adsorption

or condensation were found to be mostly negative {BR{FG),, where the changes approached zero with an increase

in the charge separation. On the other hand, the changes for M)g(%€re positive over the whole concentration

below the CMC. In addition, Brewster angle microscopy indicated no condensation of the present surfactants just at
the air/solution interface.

Introduction Solution properties of ionic surfactants are strongly influenced
. . by chemical species of counterions. Counterions of conventional
__Fluorine is the most electronegative of all elements, although pignic surfactants are usually alkali or alkaline earth metal ions
itis very smallinsize. Itis well-known that replacing the hydrogen \hose electric charges are concentrated within the size of the
atoms by fluorine atoms causes dramatic change in the physi-ion |n the previous study, anionic surfactants with nonmetallic
cochemical properties of chemical compounds. Fluorinated gjyglent cationic counterions whose electric charge is not
surfactants, for example, exhibit considerable thermal stability, cqncentrated but diffused or separated were found to have quite
chemical stability, high gas-dissolving capacity, hydrophobicity, gifferent physicochemical properties from those of usually
lipophobicity, and excellent activity such as a remarkably Iow hydrogenated oné In particular, the properties of anionic
critical micelle concentration (CMC), aVa||ab|I|ty evenin Organic surfactants with Charge_separated Counterions’,_(l,&)_aL
solvent, and high efficiency in reducing surface tensidfihese kanediyl)bispyridinium tetradecane sulfonatesBE(HCL4)2),
properties are characterized by strong intramolecularbon€ls (C  depended much on the extent of charge separation of the divalent
bond) and weak intermolecular interactions between fluorocar- counterionto-11
bons, which brings about such various applications of fluorinated  |n the present study, anionic perfluorinated surfactants with
surfactants as emulsifier, detergent, additive in inks or drugs, various charge-separated divalent counterions:-(1,b-al-
dental use, blood substitute, and so®oh. kanediyl)bispyridinium diperfluorononanoate (&P(FG)2, n
= 2, 4, 6, 8) were newly synthesized and then investigated in
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Chemistry, Faculty of Pharmaceutical Sciences, Nagasaki International of the extent of charge separation. Furthermore, the results were
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Figure 1. Chemical structures of (a)BP(FG),, n = 2, 4, 6, §;
and (b) Mg(FG),+2H,0.

Table 1. Elemental Analysis of GBP(FC,), and Mg(FCg)2-2H,0

compound C (%) H (%) N (%)
C:BP(FG). calc. 32.39 1.27 2.52
found 32.29 1.26 2.59
CsBP(FG): calc. 33.70 1.59 2.46
found 33.91 1.92 2.85
CsBP(FG)2 calc. 34.94 1.90 2.40
found 34.95 2.05 2.55
CsBP(FG): calc. 36.13 2.19 2.34
found 35.99 2.29 2.52
Mg(FGCy)2-2H,0 calc. 21.92 0.41
found 22.01 0.46

tetradecane sulfonategBP (HGC,4),.1%1The interfacial behavior
of C,BP(FG), was also morphologically examined by Brewster
angle microscopy.

Experimental Section

Materials. 1,2-(1,w-Alkanediyl)bispyridinium perfluorononanoates
(abbr. G(FCy)2; n = 2, 4, 6, 8) were synthesized by complex
decomposition of 1,1(1,w-alkanediyl)bispyridinium bromide with
silver perfluorononanoate (Figure 1). The former was the gift from
the former Kuwamura laboratory of Gunma University which were
the same as used in the previous stifiyn the other hand, the latter
was prepared by neutralization of perfluorononanoic acid (Daikin
Industries, Ltd.,>95.0%) by lithium hydroxide (Kanto Chemical
Co., Inc., 99.0%) in water and by followed conversion of the lithium
salt to the silver salt with silver nitrate (nacalai tesque, 99.9%). The
exchange of the silver ion by the bispyridinium ion was carried out
as reported previoushf. Magnesium diperfluorononanoate (abbr.
Mg(FGCy),) was also synthesized by neutralization of magnesium
hydroxide (Wako chemical, 99.0%) by perfluorononanoic acid
(Figure 1). The obtained crude crystals BB (FG), were purified
by thrice recrystallizations from ethanol (for= 2, 4, 6) and from
acetone/ethanol (3/1, v/v) (for= 8), while ethanol/methanol (2/1,
v/v) was used for Mg(F6),. Their purities were checked by elemental
analysis (Table 1). From the analyses, only Mggf,@as found to
have two water molecules of crystallization, Mg@&£2H;0. In

addition, a representative of their three-dimensional structures in
the crystalline state was obtained by X-ray structure analysis (Rigaku

Raxis-Rapid diffractometer, Rigaku Corp., Japan) with graphite
monochromated Mo K radiation (A= 0.210 69 A) (Figure 2). The

water used throughout the syntheses and measurements was thric

distilled one (surface tensior 71.99 mN nt! at 298.2 K and
electrical resistivity= 18 MQ cm).
Surface Tension MeasurementThe surface tensioryf of the
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Figure 2. The crystal structure of BP(FG), by X-ray analysis.

Table 2. The CMC and Surface Tension Above the CMC yeq)
of Each Compound at Different Temperatures

compound temp. (K) CMC (mMM)  yeq(MN m™3)
C.BP(FG), 298.2 0.31 16.14
303.2 0.34 15.92
308.2 0.32 15.68
313.2 0.37 15.38
C,BP(FG); 298.2 0.28 18.05
303.2 0.30 17.70
308.2 0.30 17.51
313.2 0.32 17.22
CsBP(FG), 298.2 0.23 20.12
303.2 0.25 19.63
308.2 0.26 19.51
313.2 0.29 19.16
CsBP(FG), 298.2 0.16 21.15
303.2 0.17 21.11
308.2 0.18 20.58
313.2 0.19 20.56
Mg(FCo), 298.2 1.65 17.71
303.2 1.64 17.63
308.2 1.62 17.30
313.2 1.59 17.14
C:BP(HG1y) 308.2 0.19 -
C4BP(HC)2 0.20 -
CeBP(HC1s) 0.19 -
CsBP(HCu)2 0.14 -
CgF17,COOLP 298.2 10.6 (303.2K) 24.6
CgF17COONZ 9.1 (303.2K) 215
CgF17/COOKP 6.3 (323.2K) 20.6
CgF17COONH,° 6.7 (303.2K) 14.8

aRefs 10 and 11° Ref 12.

tensiometer (DVS-2000, YTS, Japan). This tensiometer measures
the volume of a drop detaching from a capillary with known diameter.
The temperature was kept constant withif.03 K by means of a
thermostat3 The experimental error for estimating the surface tension
was+0.05 mN nt.

Brewster Angle Microscopy (BAM). The morphology of
C.BP(FG), solutions near the air/water interface was directly
visualized by a Brewster angle microscope (KSV Optrel BAM 300,
KSV Instruments Ltd., Finland) at 2982 0.3 K. The application
of a 20 mW He-Ne laser and 1R objective allowed a lateral
resolution of ca. Zum. The angle of the incident beam to the-air
water interface was fixed to the Brewster angle (88.The reflected

deamwas recorded with a high-grade CCD camera (EHDkamPro02,

EHD imaging GmbH, Germany), and then the BAM images were
digitally saved to the computer hard disk.

surfactant solutions was determined over the temperature range (13) Rusdi, M.; Moroi, Y.; Nakahara, H.: Shibata, Cangmuir 2005, 21,

298.2—313.2 K with every 5 K interval using a drop volume

7308—-7310.
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Figure 3. Changes of surface tension with logarithm oB®(FG), concentrations at (a) 298.2, (b) 303.2, (c) 308.2, and (d) 313.2 K; and
with logarithm of Mg(FG), concentrations within the same temperature ranges (e). The representativedagaatf313.2 K are also plotted
in Figure 3(e).

Results and Discussion the logarithm of concentration is retained over much a wider

Plots of surface tensiory) against logarithm of concentration ~ concentration range for /8P(FG), than for conventional
(C) for C:BP(FG),and Mg(FG), at different temperatures from surfactants. This means thaifP(FG), molecules disorganize
208.2 to 313.2 K are shown in Figure 3, where similar changes the 3-D structure made of water molecules constantly over a
are observed at each temperature. Fhelues decrease with wide concentration range, which is a quite unique chara_cterlstlc
increase in concentration and then become constajiet higher of C,BP(FG).. Moreover, considerable differences in the
concentrations, where theq values decrease with a decrease [Ntérfacial behavior can be seen betweeBR(FG), and Mg-
in charge separation (see Table 2). Although a big difference in (FCa)2 CiBP(FG).are much more surface-active than Mggfc
surface tension cannot be seen amorBRIFG), in Figure 3, although almost no difference in surface activity betwegn C
the ability to reduce the surface tension at lower concentrations BP(HCia)2 and Cu(HG,), was observed as long as the charge
increased with increasing charge separation. These facts resulfeparation is smafti%It is suggested therefore that the spacers
from the difference in the molecular size among3B(FG),. of ethylene groups are considerably important for surface behavior

Surface tension is sum of total interactions among molecules ©f the present fluorinated surfactants.
in surface region, and surfactant molecules are easy to concentrate The critical micelle concentration (CMC) was determined as
in the surface region or in the vicinity of the air/water interface. the concentration at an intersection of two straight lines through
Accordingly, the concentrated surfactant molecules can perturbthe points of surface tension below and above the CMC, which
and disorganize the three-dimensional (3-D) body of water appears as a sharp break point in Figure 3. The obtained CMC
moleculesinthe layer, leading to decrease in equilibrium surface values are listed in Table 2. The CMC values decrease with an
tensions. A molecule of larger size can occupy a larger volume increase in spacer length at each temperature, indicating that the
in the layer, inducing a high efficiency to reduce surface tension. longer-spacer hydrocarbon chain is more effective at facilitating
It is quite noticeable that a linearity of surface tensions against the micelle formation. This is attributed to an increase in
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VST T T that longer spacers have much larger contribution to the micelle
F . 282K formation. The above results also suggest that the counterion
1oF ' iiﬁé%ﬁ behavior around a micelle for = 8 is different from that for

--313.2K n < 6. The free energy contribution of corresponding hydrocarbon
surfactants (BP(HC.4)2) was also evaluated in the previous
paper'® The values were found to be0 kJ mol-! for n < 6 and

1.7 kJ mof! for n > 6 at 308.2 K. These free energy changes
due to the extent of charge separation reasoned that alkanediyl
chains of counterions fold and penetrate into the hydrophobic

interior of the micelle just like the alkyl chain of a surfactant

In CMC

- C,BP(HC,); at 308.2 K

EUHE FEETE PEETE ST EE NN

-3.0 ; . ; . ; . ; . 1'0 ion.10 There exists a slight difference in the free energy
contribution to the micelle formation betweeRBP (FG), and
Carbon number, # CiBP(HC14)2. This might result from a complex interaction

Figure 4. Dependence of In CMC (mM unit) on the carbon number  between fluorinated surfactant ions and hydrocarbon spacers.
(n) of alkyl chains in GBP(FG); at different temperatures and in - Sych an interaction is discussed in more detail later.

CBP(HC.4), at 308.2 K. The surface tension is a function of temperature, pressure, and

hydrophobicity due to the extension of ethylene groups or inabilit chemical potential of components according to the Gitibshem
yarop Y i not ety group —— equation for interface. As for a system of two phases (air and
to aggregate surfactant ions with its longer-spacer chain. A

. . . solution) and three components (surfactant, water, and air), the
decrease in CMC has already been observed for univalent organic ) P ( ' ' ),

i . . ; system becomes trivariant under the equilibrium state according
_counter_|onsl. Furthermore, the CMC slightly increased with to the phase rule. The following Gibbs equation is presented for
increasing temperature over the temperature range 233.2.2

K (Table 2). This is due to an increase of molecular thermal the surface tensich

motion. That is, the micelle formation of,BP(FG), is more s dap_

affected by the thermal motion than by hydrophobic dehydration. dy=—s'dT+7z dP—Tdu 2)

In addition, the CMC values of these surfactants were found to wheress, 79, andT are the excess entropy per unit area at the
be larger than those of corresponding hydrocarbon analoguesinterfacial layer, the thickness of the interfacial layer, and the
CiBP(HC14)2,'° where it is known as a rule thatnEen+1— surface excess of surfactant per unit area, respectively. At constant
corresponds to GsiHsn+1— in hydrophobicity. Although itis  temperature and pressure, the surface excess of the surfactant

widely accepted that a fluorinated surfactant has higher perfor- pecomes a function of the surfactant concentration
mance of micelle formation than a hydrocarbon surfactant, an

unexpected result was obtained in the present study. Namely, the =— 1 ( dy ) 3)
hydrocarbon spacer has a more positive contribution to micel- mRT\d In C/1.p

lization of hydrocarbon surfactants {BP(HC4)2) than fluo- . . .
rocarbon ones (BP(FG),), inducing a relatively smaller cMC ~ WhereRiis the gas constant, is the absolute temperatur@,is

for CuBP(HCw4)2. However, the CMC values of 8P(FG), are the surfactant concentration, andis the number of chemical
smaller by 1 order of magnitude than those of the corresponding SPecies per surfactant molecule whose concentration in the layer
monomeric or dimeric surfactants with monovalent(LNa", changes with the bulk concentration of the surfactant. For

K+, and NH*) and divalent (M§") charge-concentrated materials used in.this stu.dy, the numbgr of speaigsig three. .
counteriong215The CMC values of these compounds are also The surface tension against the logarithm of the concentration
listed in Table 2. From the above results, it can be said that ionic CMC (Figure 3) was divided into two parts below and above the
surfactants with charge-separated counterions have higher surfaceMC, and the slope of the linear part below the CMC was used
activity than conventional surfactants with charge-concentrated t0 determine the surface excess by eq 3.
metallic ions. The evaluated surface excess values {BR{FG), and Mg-
Logarithms of the CMCs at each temperature are plotted against(FCo)2 are given in Table 3. The surface excess valuesef C
the carbon number of P spacer chainin Figure 4. Two different  BP(FG)2 except forn = 8 decreased with increasing spacer
linear relationships below and aboue= 6 are observed as is  ength. However, the values for= 8 and Mg(FG). were different
the case for the homologous hydrogenated surfactapBP-C from gxpected ones. The formerva_lues resulted from the above-
(HC14)2,1° where the slopes fan < 6 are not treated in detalil mentlongd folding of spacer chain, and the latter ones are
but are smaller in magnitude than those foe 6. The free respon&bleforthe large extent of hydration of magnesium ions.
energy contribution4Gg,, ) of ethylene group in gBP spacers The l_\/lg2+ hydr_at|on alsp |_nduces the s_maller surface tension
to the micelle formation’ can be calculated by the following (Ved in comparison to similar monomeric surfactattsyhich

equation results from more destruction of the steric structure formed by
water molecules in the surface layer. Furthermore, it can be
o — _[142pTAINnCMC roughly said that the surface excess of all surfactants listed in
AGE, 1+|RT Q) - " . )
B An Table 3 decreased with increasing temperature due to anincrease

in thermal motion of the molecules.
From the surface excess, the apparent molecular surface area
(A) in the surface layer can be calculated by

where the degree of counterion binding to micell@s<0.90)
is assumed at each temperatiff€he free energy contributions
per ethylene group thus obtained were estimated to be®7

kJ mol from the slopes fon < 6 and 1.3—1.9 kJ mof from 1

those fom = 6 within the given temperature ranges, indicating A= N, (4)
(14) Hoffmann, H.; Platz, G.; Rehage, H.; Reizlein, K.; Ulbricht Makromol.

Chem.1981,182, 451—481. (16) Guggenheim, E. Alhermodynamics; An Adnced Treatment for Chemists
(15) Hoffmann, H.: Ulbricht, W.; Taggesson, B. Phys. Chem1979,113, and Physicists, 6th ed.; Elsevier North-Holland Inc.: New York, 1977; pp 46

17-36. 49.
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Table 3. The Surface Excess (I'), Apparent Molecular Surface 0.2 T
Area (A), and pCy of Each Compound at Different : 3
Temperatures - 0.1 3 \/o——*——‘\
compound temp.(K) 10T (molm? A2  pCy f 0 3 3
C.BP(FG), 208.2 1.88 88  4.64 B
303.2 1.82 91 4.68 o ALE E
308.2 1.88 88 4.54 S ! - ]
313.2 1.81 92 4.46 Pl 3 o4 E
CsBP(FG). 298.2 1.71 97 472 < o3k ot k
303.2 1.69 98 460 g - Mg(FCy),
308.2 1.79 93 459 P P TR A
313.2 1.62 103 4.60 0 0.1 0.2 0.3 0.4
CsBP(FG). 298.2 1.67 99 4.72 Concentration / mM
303.2 1.57 105 4.77 Figure 5. Entropy changes for surface adsorption or condensation
gtl)gg 1'28 i% 2'28 with concentration of (BP(FG), and MgBP(FG), solutions over
' ' ' the whole temperature range studied.
CeBP(FG), 298.2 1.77 94 4.77 ] ) } _
303.2 1.74 96 4.77 The chemical potential of the surfactant is also a function of
308.2 1.68 99 4.74 the temperature, pressure, and concentration
313.2 1.63 101 4.74 d,u
Mg(FCy): 298.2 172 97 3.98 du=—sdT+vdP+ (K:)T ,aC )
303.2 1.70 97 3.90 '
308.2 1.68 99 3.89 where s and v are the partial molar entropy and volume,
313.2 1.66 100 3.91 respectively. After introducing eq 5 into eq 2, the following
CBP(HG)2" 308.2 1.69 98 - equation is obtained
CsBP(HCua)2 1.64 101 -
CsBP(HGCL)2? 1.50 11 - d
CeBP(HCy4) 1.40 118 - As=¢8—Ts= _(E‘Zr)p c (6)

aRefs 10 and 11. . -
The Asvalues thus obtained are shown in Figure 5. In general,

there exist two factors for contribution to the entropy change for

where N, is the Avogadro’s number. The obtained apparent surface .adsorp_tion: one is the positive contribution due to
areas are also listed in Table 3. The apparent molecular aregdestruction of iceberg water molecules around hydrophobic
increased with increasing spacer length and with increasing chains, and the other is the negative contribution due to
temperature as is usually observed. The results can be explaine§oncentration of surfactant molecules. The entropy change of
very simply. An increase in charge separation by an increase in&dsorption or surface condensation forBE(FG). roughly

spacer length directly leads to the swelling of molecular area of indicates negative values below the CMCs. This means that the
surfactantions. The smaller the molecular area is, the greater thefoncentration and the orientation of surfactant molecules in the
concentration required to reach the CMC, or there results a greatefnterfacial layer accompanied by a negative entropy change

decrease in surface tension above the CMC. This agrees with the?@ntribute more to the total entropy change than the melting of
results in Figure 3. Herein, the important finding is that the iceberg water molecules around hydrophobic chain accompanied

apparent molecular area nf= 8 is smaller than that af = 6. by a positive entropy change. As the spacer length incregsed, the
This variation was not observed for the case @BE(HCia). entropy changes increased to zero beIO\_N the CMCs. This can be
Such small molecular area resulted from a specific change in reasoned by the fact that surfactants with a longer alkyl spacer
conformation of the counterion similar to bola-form counter- are more difficult to concentrate or assemble. On the other hand,
ions17-19This means that the alkanediyl chain takes a somewhat e changes for Mg(F), are positive at whole concentrations
free conformation above a certain length of spacer chais ( below the CMC, Ihdlcatlng that Mg(Fg@g co.ndensatlon toward

8) and then comes to form a loop structure with opposite tails the surface layer is substantially different in the condensed state
of surfactant ions because of the weak interaction between 7O that of GBP(FG).. This_ fact also implies t.h? importa_nce
fluorocarbon (surfactant ions) and hydrocarbosE spacers) of charge-separated counterions for surface activity of fluorinated

As for G.BP(HC.4)2, on the other hand, it was reported that the ionic surfaqtants. - .
alkanediyl chain of counterion (at even= 8) enlarged the A convenient measure of the efficiency of surfactant adsorption

molecular area due to separation among surfactant ions. This i<" condensation into the surface region is ti@qparameter

. Pl . .
also the case for micellization, where the alkanediyl chain Introduced by Rose?P,. Wh'Ch.'s a negative logarithm of t_he
penetrates into the hydrophobic core of the micelles, inducing surfactant concentration required to reduce surface tension of

1
loop formation inside the micellé8.This is attributed to the _solvent %y 23] mN_ . AS _setehn from Talble t":’]’ ?r? valgesl
attractive interaction between hydrocarbons of surfactant jons INCreased with an increase in the spacer iength. There IS a large
and the GBP spacer. Such a difference between fluorocarbon dlfference in the efficiency betwee.thP(F.Cg)zl and Mg(FG).. .
hydrocarbon and hydrocarbehydrocarbon interactions gener- This difference means that fluorinated ionic surfactants with

4 . . -
ates much different solution properties betwegBRIFGy), and C.BP? cogntenons have higher surfa_ce activity at _smaller
CaBP(HCLa)2. concentrations compared to those with igcounterions,

supporting the importance of charge-separated counterions with
in-between ethylene groups for the surface activity of fluorinated
surfactants.

(17) Yiv, S.; Kale, K. M.; Lang, J.; Zana, R. Phys. Chenl976,80, 2651—
2655.

(18) Yiv, S.; Zana, RJ. Colloid Interface Sci1980,77, 449—455.
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C.BP(FG4)2and GBP(FGy),, because the insoluble surfactants
truly locate at the air/water interface. No variation in BAM image
of the present surfactant solutions might be the absence of the
surfactant molecules just at the air/solution interface due to the
image force for ionic species in watéor the condensation of
surfactant ions at a certain distance below the interfaée2>

In other words, these BAM images support at least the new
concept of surface adsorptiéh2*

Conclusions

The CMC and 2 values are quite different between-C
BP(FG).and Mg(FG),, which means that the spacers of ethylene
groups between pyridinium ions are considerably important for
surface behavior of the present fluorinated surfactantions. These
differences were also confirmed by the entropy changes for surface
adsorption or condensation. In addition, it was found that the
extent of charge separation is related with their surface properties.
Longer separation results in smaller CMC. By comparison of the
results of GBP(FG), with those of GBP(HC.4),, the different
folding modes were suggested fogBP spacers. The apparent
molecular surface areas monotonically increased with an increase

Figure 6. Representative BAM images of (apBP(FG), and (b) in spacer length for BP(HC.s),, whereas a small increase in

CsBP(FG), at different concentrations at 298.2 K under the
equilibrium state. BAM micrographs of insoluble monolayers of the the areas for (BP(FG), was observed at < 6. Furthermore,

analogous compounds [(CBP(FG.), and (d) GBP(FG.)] on a spacer of the counterion fopBP(HC,4), folds and penetrates

0.15 M NaCl at 298.2 K at 12 mN m, where ordered phases (dark) into the hydrophobic core of the micelle, whereas the spacer for
and disordered ones (bright) coexi%t. CBP(FG). is supposed to exist outside the micelle. This is

attributed to a weaker interaction between fluorocarbon and
BAM images of the air/water interface for just water and two hydrocarbon than between hydrocarbons themselves.
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