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ABSTRACT: Monodisperse nonionic surfactant molecules,
based on aspartic or glutamic acid, with two hydrogenated or
fluorinated fatty amide chains in the hydrophobic part and one
polyoxyethylene methoxy-capped chain (EOn-Me) in the hy-
drophilic head group have been synthesized. These compounds
are structural mimics of natural lecithins. Their solubility in
water or in formamide and the surface activities at 60°C have
been measured and discussed in comparison with lecithin ana-
logues that contained short chains. The compounds reported in
this study showed physicochemical properties comparable with
those of lecithins.
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The interest in surfactant molecules has become increasingly
important during the last fifteen years as a consequence of the
numerous applications of these compounds in biology, bio-
chemistry, biophysics, and chemistry (1-5). In a recent paper,
we reported the preliminary results of the synthesis, physico-
chemical properties, and some biological effects of new
monodisperse nonionic surfactants that are based on trifunc-
tional amino acids, such as lysine (Lys, a basic amino acid),
aspartic acid (Asp), and glutamic acid (Glu) (acidic amino
acids), bearing two hydrophobic alkyl chains and one or two
short polyoxyethylene-chains with their terminal hydroxyls
protected by O-methylation (6).

A more detailed and systematic description on the Lys ana-
logues was reported in a previous paper, which dealt with the
synthesis and physicochemical study of a large number of
monodisperse hydrogenated nonionic long-chain N%, N¢ dia-
cyl lysine polyoxyethylene methoxycapped amide com-
pounds that were prepared by condensation of N%, N¥ diacyl
lysine amphiphiles with polyoxyethylene amine derivatives
(7). The effects of several structural parameters, such as fatty
acid hydrophobic chainlength, polyoxyethylene hydrophilic
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chainlength, and a number of polyoxyethylene hydrophilic
chains, have been studied.

The present paper is concerned with the synthesis and
physicochemical properties in water of a large number of
nonionic monodisperse compounds, analogues to those of
Lys, but based on Glu and Asp acidic amino acids, with a
structural resemblance to natural lecithins. Scheme 1 shows
the structures of Asp and Glu nonionic surfactants, mimics of
lecithin: P = 1, aspartic acid (D); and P = 2, glutamic acid (E).
Code used for compounds (see Table 4, later) that are based
on aspartic acid are HmmDn and FmmDn; those based on glu-
tamic acid are HmmEn and FmmEn. In this paper, the effect
of hydrophobic chain nature (hydrogenated or perfluori-
nated), hydrophobic chainlength, and type of amino acid (Asp
or Glu) on the physicochemical properties are presented. The
results are compared with those of Lys analogues described
in a previous article (7) and with those of lecithin analogues
described in the literature. Additionally, some physicochemi-
cal properties in formamide solution are also reported.

The present compounds possess two hydrophobic chains
of different length and nature (hydrogenated or fluorinated),
which come from the corresponding fatty amine compounds.
They are condensed through amide linkages to both the o
and @-COOH groups of the acidic amino acid. The hy-
drophilic group consists of one amide function between the

H(CH,),-NH-CO—(CH,),

H(CH,),,-NH-CO— CH
|
NH—C(O)CH,—(OC,H,),OCH,

HmmDn

F(CFZ)m'CZHA-NH-CO—(CIHZ)P

F(CF)m’C,H,-NH-CO— CH
|
NH—C(O)CH,—(OC,H,) ,OCH,

FmmDn

SCHEME 1
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a-amino group of amino acid and a monomethyletherpoly-
oxyethylene carboxylic chain. As for the Lys analogues, the
central pivot for the present compounds is constituted by the
trifunctional acidic amino acid, which plays a structural role
similar to the glycerol in lecithins.

Preparation of molecular mimics of lecithins was expected
to yield surfactant compounds with similar physicochemical
properties to those of lecithin analogues and, therefore, with
biocompatible characteristics. Allouch’s results (8) concern-
ing biocompatibility showed that those compounds were in-
deed nontoxic materials at concentrations below 0.1 g dm™3.
Higher chemical stability of these compounds compared to
lecithins was expected because the amide linkages in the mol-
ecule are more resistant to hydrolysis than those of esters (in
lecithins). Compared with the Lys analogues (7), the present
compounds have their amide functionality of the central pivot
in a reversed position.

EXPERIMENTAL PROCEDURES

Synthesis. To understand the relationship between the chemi-
cal structure of these surfactants and their physicochemical
properties correctly, pure nonionic compounds were synthe-
sized. These compounds were prepared with monodispersed
polyoxyethylene of known true chainlength. Synthesis of
these compounds was based on a modular strategy (9), which
consisted of the following three main steps: (i) Preparation of
the hydrophobic part. Synthesis of long-chain C%, C® dialky-
lamide Boc-Asp (or Boc-Glu) acids by the reaction of the o-
amino-protected N®-Boc amino acid derivative (Boc = tertb-
utoxycarbonyl) with hydrogenated or fluorinated fatty amines
by a classical activation method with the BOP reagent [ben-
zotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium
hexafluorophosphate] (see Scheme 2) for synthesis of the hy-
drophobic part (HmmDO; FmmDO and HmmEO or FmmEQ).
(ii) Preparation of the hydrophilic part. Synthesis of
monomethyletherpolyoxyethylene ethanoic acids of the type
Me—(OC2H4)n-OCH2C02H with n =2, 3, 4, and 6, with com-
mercial starting materials (see Scheme 3) for synthesis of the
hydrophilic part [Me-(OC,H,), -OCH,CO,H). (iii) Conden-
sation of the hydrophobic part with the hydrophilic module.
The hydrophilic monomethyletherpolyoxyethylene carb-
oxylic chains were coupled to the amino function of the hy-
drophobic dialkylamide amino acid derivative by the BOP ac-
tivation method (see Scheme 4) for synthesis of the surfac-
tants (HmmDn; FmmDn and HmmEn or FmmEn).

The synthetic experimental procedures and characteristics
of the compounds were as follows.

HO,C—(CH,) () BOPN(ED,  RNH-CO)—(CH,),
|~ +2RNH, ——— |
HO,C— ClH (i) TFA/ICH,Cl,  RNH-C(O)— ?H
NH—BOC NH,, TFA

p =1, aspartic acid; p = 2, glutamic acid; R = H(CH,),,-[HmmDO or
HmmEQ] or R = F(CF,),,,C,H,-[FmmDO or FmmEOQ]

SCHEME 2
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(i) Bzl—Cl
HOEO)H —— BZ|O(EO)4——TS
(i) Ts—Cl A
(i) Me,SO,
A — —  m HOFO)Me
(i) H,/Pd B
(i) CI(EO),Me
A ——m» HO(EO) Me
(i) H,/Pd C
2NaH
BorC — — — g MeO—(EO),—CH,CO,H
CICH,CO,H n=4o0r6

Me = CHy; Bzl = C(H;-CH,; EO = C,H,0

SCHEME 3

MATERIALS AND METHODS

Reagent-grade solvents (SDS, Marseille, France), BOP
reagent (Propeptide, Paris) and Boc-acids (Bachem, Buden-
dorf, Sweden) were used without further purification.
Monomethyletherpolyoxyethylene ethanoic acid was pre-
pared according to the method described by Seguer et al. (6).
Progress of the reaction and purity of the products were eval-
uated on silica-gel thin-layer chromatography (TLC) plates
(Kieselgel 60 F,,; Merck, Darmstadt, Germany) with eluents
ethyl acetate (AcOEt) or chloroform/methanol 7:3 (C/M). Pu-
rification was effected by flash silica-gel column chromatog-
raphy with the same eluents. Melting points were determined
with an electronic apparatus (Electrothermal; Prolabo, No-
gent, France) and were not corrected. Proton 'H nuclear mag-
netic resonance (NMR) spectra were recorded with a Bruker
(Karlsruhe, Germany) AM 400 or AM 250 spectrometer, and
chemical shifts are reported in parts per million (& in ppm)
downfield from tetramethylsilane (TMS). Infrared spectra
were recorded with a Perkin-Elmer (Norwalk, CT) 580D or
1600 Fourter transform infrared (FTIR) spectrometer. After
several recrystallizations, elemental analysis of a few com-
HOZC——(CIHZ)p BOP/N(Et);

HO,C— C,H + MeO(C,H,0), CH,CO,H ————»

NH,, TFA

RNH-C(O)-—(CH,),
RNH-C(O)— CH
l
NH—C(O)—CH,O(C,H,0) CH,

R =H(CH,), with m=6, 8, 10; F(CF,), C,H, with m=6, 8; n=2, 3,
4, 6; p =1 for Asp(D) and 2 for Glu(E)

SCHEME 4
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TABLE 1
Characteristics of Compounds HmmDO0, HmmEO, FmmDO, and
FmmEO with Structural Formula

RNH-C(O)——(|CH2)p

=1:D
RNH-C(O)— CH with
: { p=2:E
NH—BOC
Compound R Yield (%) m.p. (°C) R{ACOEt)
H66D0 CeHiqs 93 140 0.75
H88D0 CgHy» 90 145 0.80
H1010D0  C,oH,, 94 135 0.81
HB8E0 CgH, 88 105 0.76
HI010E0  C,Hy, 97 106 0.78
F66DO CeF15,CoH, 66 165 0.75
F88DO CoFy,CoH, 64 167 0.85
F66EQ CF13CH, 55 125 0.75
F88E0 CFy,CoH, 60 105 0.80
TABLE 2
Results of Microanalysis of Compounds HmmDO0 and HmmEQ
C H N
Compound Calc. Found Calc.  Found Calc. Found
(formula) (%) (%) %) (R (%) (%)
H66D0 63.12 63.47 10.34 10.84 10.52 10.73
(CyHuN;0,)
H88D0 65.90 65.21 10.84 11.14 9.22 937
(Cy5HgN;O,)
H1010D0 68.06 67.35 11.23 11.39 8.21 8.52
(CyoH5,N;0,)
H88EQ 66.49 65.98 1094 10.44 895 887
(CyHs5,N;O,)
H1010E0 68.53 68.21 11.31 11.54 799 7.87
(C3Hs9N;0,)

pounds was off by more than 0.5%; however, they gave only
single peaks by high-performance liquid chromatography
(HPLC) and spectral analyses consistent with the expected
structures. No impurities were detected. The solids probably
crystallized with the same molecules of water. The same re-
sults were obtained for the Lys analogues (7). Surface-tension
measurements were made with a Dognon Abribat or Kruss
tensiometer (Prolabo) by using the Wilhelmy method.
General procedure for preparing long-chain dialkylamides
Boc-aspartic (D) or Bocglutamic (E) acids (HmmDO,
FmmDO or HnmEO, FmmEQ). In a round-bottom flask, to a

solution of acetonitrile (30 mL), containing 0.4 mole (2 eq)
fatty amine, 0.8 mole (4 eq) triethylamine, and 0.4 mol (2 eq)
BOP reagent, was added 0.1 mole (1 eq) Boc-aspartic (or glu-
tamic) acid. Stirring was continued at room temperature for 3
h. During reaction, precipitation of a white solid was ob-
served. After reaction, the white solid was filtered off. The
product was generally pure. Recrystallization from chloro-
form/diethyl ether furnished a very pure compound. Yields
and characteristics of all synthesized compounds are pre-
sented in Tables 1-3.

General spectral characteristics of dialkylamides Boc-as-
partic or Boc-glutamic acids. HmmDO: IR (KBr), v: NM =
3,000-3,200 cm™'; C = 0 = 1,730 cm™"; C(O)N = 1,660 cm™
. TH NMR (CDC1,/TMS) ppm: 0.9 (¢, 2CH,); 1.3 [m, (m —
2)CH,]; 1.4 (s, 3CHy); 1.5 [m, 2CH,]; 2.7 [m, CH,(Asp)]; 3.2
(m, 2CH,N); 4.4 (m, C x H); 6.1 (m, NH); 6.25 (m, NH); 7
(m, NH); HmmEQ: LR. (KBr), v: NH = 3,000-3,200 cm™!; C
= 0 = 1,730 em™'; C(O)N = 1,660 cm™'; 'H NMR
(CDCI,TMS) ppm: 0.9 (¢, 2CH,); 1.3 [m, (m - 2)CH,]; 1.4
(s, 3CHy); 1.5 [m, 2CH,J; 2.3 [m, 2CH,(Glu)]; 3.2 (m,
2CH,N); 4.4 (m, C x H); 6.1 (m, NH); 6.25 (m, NH); 7 (i,
NH); EmmDO0: LR. (KBr), v: NH = 3,000-3,200 cm™'; C = O
= 1,750 cm™!; C(O)N = 1,590 cm™'; '"H NMR (acetone-
D6/TMS) ppm: 1.6 (s, 3CH3); 2.65 [m, 2RFCH,}; 2.8 [m,
CH,(Asp)]; 3.7 (m, 2CH,N); 4.55 (m, C x H); 6.1 (m, NH);
6.5 (m, NH); 7.7 (m, NH); 7.8 (mn, NH); FmmEO: LR. (KBr),
v: NH = 3,000-3,200 cm™'; C = O = 1,745 cm™; C(O)N =
1,590 cm™; 'H NMR (acetone-D6/TMS) ppm: 1.6 (s, 3CH,);
2.7 [m, 2RFCH,]; 2.45 [m, 2CH,(Glu)]; 3.7 (m, 2CH,N); 4.2
(m, C x H); 6.4 (m, NH); 7.6 (m, NH); 7.75 (m, NH).

General procedure for preparing methyletherpolyoxyeth-
vlene long-chain dialkylamides of aspartic or glutamic acids
by BOP method. Deprotection of synthesized dialkylamide
Boc-amino acid derivatives (HmmDO, FmmDO0 or HmmEOQ,
FmmEQ) was effected by a classical method with trifluo-
roacetic acid (41). The crude trifluoroacetate was used as pur-
chased.

To a solution of 0.01 mole (1 eq) monomethyletherpoly-
oxyethylene-ethanoic acid (6), 3 equivalents of triethylamine,
and 0.01 mole (1 eq) BOP-reagent in dry acetone, were added
0.01 mole trifluoroacetate of dialkylamide Asp (or Glu) acid
with stirring. Stirring was continued at room temperature for
12 h. After reaction, the solvent was evaporated to dryness in

TABLE 3
Results of Microanalysis of Compounds FmmDO and FmmE0Q

¢ N F
Compound Calc. Found Calc. Found Calc. Found  Calc. Found
(formula) (%) (%) (%) (%) (%) (%) (%) (%)
F66D0 32.51 32.64 2.51 2.50 4.55 4.67 53.49 52.88
(Cy5H,3F56N;0,)
F88D0O 31.00 30.87 2.06 1.94 3.74 3.91 57.49 5693
(CagHy3F34N;0,)
FO66E0 33.31 33.52 2.69 2.41 4.48 4.63 52.69 51.98
(CoeHysFreN;0,)
F88EO 31.68 31.44 2.22 2.10 3.69 3.87 56.79 55.94
(C30H5F34N;0,)
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TABLE 4
Principal Characteristics of Perhydrogenated Surfactants Based on
Aspartic or Glutamic Acids (HmmDn and HmmEn)

Compound  Molecular HPLC?
weight m.p. TLC? Yield retention
(g/mol) (°C) (Ry) (%) time (min)
H66D2 459.60 78 0.66 70 23.58
H88D2 51570 102 0.62 72 32.46
H1010D2 571.8 80 0.6 58 41.86
H66D3 503.70 85 0.59 71 23.48
H88D3 559.80 93 0.52 68 32.35
H1010D3 615.90 90 0.51 60 40.24
H66D4 547.70 80 0.54 65 23.47
H88D4 587.80 95 0.52 73 32.25
H1010D4 643.90 89 0.50 68 40.10
H66D6 635.80 95 0.43 72 23.06
H88D6 691.90 97 0.45 75 30.96
H1010D6 748.1 95 0.48 71 39.80
H88E2 529.80 70 0.55 65 33.95
H1010E2 585.90 80 0.60 58 41.86

“Thin-layer chromatography in ethyl acetate/methanol 85:15.
bHigh-performance liquid chromatography.

TABLE 5
Principal Characteristics of Fluorinated Surfactants Based on Aspartic
or Glutamic Acids (FmmDn and FmmEn)

Molecular

weight m.p. TLC? Yield
Compound (g/mol) °C) Ry (%)
F66D2 983.5 94 0.67 76
F88D2 1183.5 108 0.72 80
F66D3 1027.5 70 0.57 75
F88D3 1227.5 95 0.53 78
F66D4 1071.6 78 0.54 64
F88D4 1271.6 92 0.58 74
F66D6 1159.7 85 0.44 62
F88D6 1359.7 90 0.40 90
F66E2 997.5 70 0.66 70
F88E2 1197.5 105 0.57 65
F66E3 1041.6 55 0.52 68
F88E4 1285.6 80 0.45 68

Thin-layer chromatography in ethyl acetate/methanol 85:15.

vacuo. The crude material was dissolved in ether (100 mL)
and washed with aqueous solution of 1N HCI (3 x 100 mL)
and 1IN NaHCO; (3 x 100 mL). The organic phase, dried over
anhydrous MgSO,, was evaporated to dryness in vacuo. Sev-
eral recrystallizations of the solid from diethyl ether furnished
a very pure compound. The yields and characteristics of all
synthesized compounds are presented in Table 4 for HmmDn,
HmmkEn, Table 5 shows compounds for FmmDn, FmmEn, and
results of microanalyses appear in Tables 6 and 7.

RESULTS AND DISCUSSION

Pure and optically active long-chain C*C® dialkylamide Boc-
Asp (or Boc-Glu) acids with perhydrogenated or perfluo-
roalkylated hydrophobic chains (HmmDO, HmmEQ, FmmDO,
and FmmEQ) were prepared in yields of about 85% by follow-
ing the BOP-coupling procedure (see Tables 1-3). Removal
of the terminal Boc-protected group was carried out by clas-
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sical treatment with trifluoroacetic acid (6,10). The hydropho-
bic amino acid derivatives were isolated as white solids by
simple filtration. Further recrystallization was carried out
from a chloroform/ether mixture. All compounds showed a
well-defined melting point as indicated in Table 1.

Monodisperse methyl polyoxyethylene hydrophilic moi-
eties were obtained in four steps with a global yield of 50%.
The synthesis of methyletherpolyoxyethylene carboxylic
acids [Me(OCz-H4)n—OCH2C02H] withann=2,3,4,and 6
was achieved by the classical Williamson ether synthesis (7).
The purities of the intermediate and final hydrophilic prod-
ucts were monitored by TLC in several solvent systems.

Final compounds of the type methyletherpolyoxyethylene
long-chain C*C® dialkylamide Asp (HmmDn, FmmDn) or
Glu (HmmEn, FmmEn) were obtained as white solids by re-
action of the hydrophobic part with the hydrophilic part in the
presence of the well-known BOP reagent, the bonding func-
tional group being of the amide type. Further purification was
achieved by recrystallization from ether. Purity of these com-
pounds was determined by NMR, FTIR, HPLC, and elemen-
tal analyses, as described previously (6,7). Yields for perhy-
drogenated compounds were higher than 70%. Fluoroalkyl
derivatives were obtained with yields comparable to those of
the hydrogenated type (see Tables 4 and 5).

Physicochemical properties. Fundamental physicochemi-
cal properties in two polar solvents, water and formamide,

TABLE 6
Results of Microanalysis of Compounds HmmDn and HmmEn

C H N
Compound Calc.  Found Calc. Found Calc. Found
(formula) (%) (%) (%) (%) (%) (%)
H66D2 60.10  59.55 9.86 9.92 9.14 8.93
(C3H,y5N;06)
H88D2 62.88 62.33 10.36  10.41 8.15 8.25
(Cy7H53N;04)
H1010D2 65.10 64.43 10.76 10.38 7.35 7.59
(C31HgN;Og)
H66D3 59.62 58.96 9.81 10.05 8.34 8.46
(Cy3HygN;07)
H88D3 62.22 61.62 10.26  10.21 7.50 7.76
(CyoH5,N;0;)
H1010D3 62.35 61.66 10.64 10.23 6.82 6.92
(C35HgsN;07)
H66D4 59.21 58.96 9.75 9.65 7.67 7.46
(Cy7H53N;Op)
H88D4 61.66 60.98 10.18 10.05 6.96 6.46
(C31Hg N3 Og)
H1010D4 63.70 63.09 10.54 10.46 6.37 6.26
(C35HggN3Op)
H66D6 58.56 58.01 9.67 9.64 6.61 7.05
(Cy1Hg N3 O40)
H88D6 60.75 59.95 10.05 9.78 6.07 6.85
(C31HggN;O4)
H1010D6 62.62 61.09 10.38 10.14 5.62 5.55
(C39H77N3040)
H88E2 63.47 62.63 10.47 10.05 7.94 7.10
(Cy5H55N;0)
H1010E2 65.60 64.79 10.83 10.64 717 7.20
(C3,Hg3N;Og)
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TABLE 7
Results of Microanalysis of Compounds FmmDn and FmmEn

C H N F
Compound Calc. Found Calc. Found Calc. Found  Calc. Found
(formula) (%) (%) (%) (%o) (%) (%) (%) (%)
F66D2 32.97 32.85 2.77 2.7 4.27 4.39 50.23 49.84
(C7H57F26N;06)
F88D2 31.46 31.42 2.30 2.28 3.55 3.51 54.58 54.46
(C31H,,F34N;0)
F66D3 33.90 32.83 3.04 2.93 4.09 4.22 48.07  47.53
(CyoH31F56N;05)
F88D3 32.29 32.37 2.55 2.31 3.42 3.63 52.61 52.58
(Cy3H3F34N;05)
F66D4 34.75 34.63 3.29 3.18 3.92 4.01 46.10 45.89
(G54 H35F,6N3Og)
F88D4 33.06 32.98 2.77 2.68 3.30 3.42 50.80  50.15
(Cy5H35F35N304)
F66D6 36.25 36.13 3.74 3.63 3.62 3.88 42.59 4198
(C35H,3F56N3040)
F88D6 34.45 34.01 3.19 3.65 3.09 3.80 47.50  44.82
(C39H,3F34N30,0)
F66E2 33.71 33.54 2.23 2.1 4.21 4.33 49.52 48.29
(CagH9F26N3O06)
F88E2 32.10 32.95 2.44 2.32 3.51 3.63 53.94 53.76
(C3,Hy9F34N304)
F66E3 34.60 34.48 3.19 3.08 4.03 4.12 47.42 46.98
(C3oH33F26N;07)

were determined. Solubility data, at 22 and 60°C, for all syn-
thesized compounds in water and in formamide were summa-
rized in Tables 8 and 9. Surface-tension values for all synthe-
sized compounds were determined at 22°C in water and in
formamide as saturated solutions after separation of excess
crystals by filtration. These data are also shown in Tables 8
and 9 as v,,. It was expected that, as for the precedent Lys
analogues, the present compounds bearing short alkyl chains
with six units of ethylene oxide (mmD6, mmE6) would pos-
sess pronounced solubilities in these two polar solvents at
room temperature (6). Only the hydrogenated substances,
however, showed good solubility in formamide (between 1
and 1072 mol » L™"), the solubilities in water being poor at

TABLE 8

22°C (between 1073 and 107> mol « L™"). Results of Yoar T€-
vealed that our compounds, in particular those of fluorinated
alkyl chains, were surface active compounds that were able
to lower surface-tension values of polar solvents, such as
water and formamide, at low concentrations. Solubilities of
all hydrogenated compounds in these solvents increased at
temperatures around 60°C. On the contrary, no important dif-
ferences concerning solubilities were observed for the fluori-
nated compounds. Solubilities at 60°C were slightly higher
than those at 22°C. Consequently, surface tension vs. concen-
tration in water and in formamide solvents was studied only
at 60°C for the hydrogenated compounds HmmDr and
HmmEn. At this temperature, hydrogenated compounds were

Limits of Solubilities of HmmDn and HmmEn in Water and in Formamide at 22 and at 60°C and Surface Tension

at Saturation in Water at 22°C

Limit of solubility Limit of solubility Yat in Water

in water (mol ¢ L) in formamide (mol » L") at 22°C
Compound 22°C 60°C 22°C 60°C (mNm™)
H66D2 <5x 1073 <1x107? <1.5 <2.0 29
H66D3 <5%x 1072 <1x1072 <15 <2.0 28
H66D4 <5x1073 <1x107? <1.5 <2.0 28
H66D6 <5%x 1073 <2 %x 1072 <1.0 <2.0 28
H88D2 <5x 107 <5 %1073 <2x1072 <1.0 27
H88D3 <5 x 107 <5x 1073 <1 %107 <1.0 27
H88D4 <5x107* <5 %107 <5 x 1072 <1.5 27
H88D6 <1x1073 <1x1072 <5x 1072 <2.0 25
H1010D2 <1x107 <1x1073 <1x107? <5 x 107" 28
H1010D3 <1 x10™ <5%x 1073 <1x1072 <5x 107" 29
H1010D4 <1 x 107 <5x 107 <1x1072 <5x 107! 29
H1010D6 <1x10™ <1x1073 <1 %1072 <5x 107! 24
H88E2 <1x1073 <1x107° <1x1072 <5 %107 29
H1010E2 <5x107* <1x1072 <1x107? <5x 107" 31

JAOCS, Vol. 73, no. 1 (1996)
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TABLE 9
Limits of Solubilities and Surface Tension at Saturation at 22°C of
FmmDn and FmmEn in Water and in Formamide

Limit of solubility Limit of solubility vy, in water v, in
in water in formamide at 22°C  formamide

Compound (mol * L") (mol e L) (mNm™)  (mNm™)
F66D2 5%x 107 1073 18 19
F88D2 107 107 22 18
F66D3 5x107 1073 17 19
F88D3 3x107° 5%x10™ 24 17
F66D4 2% 107 5x1073 16 17
F88D4 107 5x107* 23 18
F66D6 1073 5x 1073 17 19
F88D6 2x107* 1073 22 16
F66E2 5x107 1073 17 19
F88F2 107 107 27 23
F66E3 - 5x107° 1073 16 18
F88E4 1074 5% 1073 24 20

all apparently soluble (formation of an isotropic monophasic
system took place), and a simultaneous decrease of surface
tension of the solvent was observed when concentrations of
the compounds were increased. Stabilization of surface ten-
sion was reached from a critical concentration because of sur-
face saturation by the surface-active compound. Similar be-
havior was observed by Wells (11), who studied the aqueous
solution surface-tension reduction as a function of the bulk
concentration of short-chain diacyl lecithins analogues with
6,7, 8, and 9 carbon atoms in the alky! chains at different tem-
peratures. He found that dihexanoyl lecithin (55Lec) and
dioctyl lecithin (77Lec) homologues, which correspond to
H66Dn and H88Dn (or H88ER) series, respectively, gave an
isotropic monophasic system in water at temperatures above
40°C. Therefore, he reported the critical micelle concentra-
tion (CMC) parameter at 45°C. This agreement could be due
to the chemical structural analogy between the compounds in
the present study and the lecithins.

Figures 1 through 3 give the surface-tension values exhib-
ited by the HmmDn series in aqueous solution at 60°C, ex-
pressed as a functipn of log concentration. Figure 4 illustrates
the plot of surface tension vs. concentration of the H88D# ho-
mologues in formamide at 60°C. A critical concentration
(CC), corresponding to the formation of aggregates in the sol-
vent, was taken for each compound as the concentration at the
point of intersection between the two linear portions of the
curves. From such plots, the surface-excess concentrations
were calculated with the appropriate Gibbs equation (7). The
areas per molecule (A, ) at the surface were calculated from
the excess concentration values in the usual manner.

CC data, the ability to lower surface tension above CC
(Yeme)- areas per molecule, and surface excess concentrations
(T") of HmmDn and HmmEn homologues in water at 60°C are
summarized in Table 10, along with those of the reference short-
chain lecithin analogues described in the literature (11,12).
Table 11 shows CC data and Y in formamide solutions at
60°C. Surface-tension values obtained in water are between 24
and 29 mNm~!, within the range obtained with other hydro-
genated nonionic surfactants. As usual, for the same hydrophilic
group, these surface activities increase with the alkyl chain-
lengths (13,14). Conversely, for the same hydrophobic alkyl
chainlength, surface-tension values increase with an increase in
the number of oxyethylene units. Their CC values in aqueous
solution are in the range of 107 to 107 mol « L™!. These values
are also of the same order of magnitude as those of other classi-
cal nonionic surfactants (15). Compared with the previously re-
ported Lys analogues with the same fatty acid alkyl chains and
bearing one hydrophilic head group with the same ethyleneox-
ide units, CC values of hydrogenated Glu and Asp surfactants
are lower than those of Lys surfactants (i.e., CCysip6 = 35 X
107 mol * L™ CCgepe = 65 % 107 mol * L™'; CCp 06 = 1.6
x 107> mol * L™!; CClgere = 4.1 X 107 mol » L), indicating
that the chemical structure of the hydrophilic moiety (type of

60
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FIG. 1. Plot of surface tension/logC for binary systems water/66Dn at 60°C.
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FIG. 2. Plot of surface tension/logC fo

amino acid an orientation of the amide groups in the central
pivot) does influence their ability to form aggregates. For the
same alkyl chainlength, CC values increase with an increase in
the polyoxyethylene chainlength from 2 to 6. Data on other non-
ionic surfactants also indicate that increasing the size of the hy-
drophilic group inhibits the formation of micelles (16,17). In
contrast, CC values decrease as the number of carbon atoms in
the alkyl chains increase; this is due to an increase in the hy-
drophobicity of the molecules (18). Results in Table 10 show
that the CC value of a surfactant is reduced each time that two
methylene groups per alkyl chain are added, the relative change
being lower when the surfactant is more hydrophobic.

When CC values of these surfactants are compared with
those of the corresponding singlechain nonionic surfactants

log C

r binary systems water/88Dn at 60°C.

of the type CmEOn (in which the CMC decreases by a factor
of 120 when there is an increase in four methylene groups in
the alkyl chain) (19-21), together with the lecithin homo-
logues (Table 10), it appears that CC values of the compounds
in this study are of the same order of magnitude as those of
the natural compounds (i.e., CMCsgy . =98 X 10 mol L~
I CCigspn = 37.5 — 63 x 107 mol * L™! and CMC,, . = 1.7
x 107 mol * L™!; CClggpn = 1.46 — 4.13 x 10~ mol « L")
Regarding surface-tension reduction vs. logC in for-
mamide solution, the Yoy values were slightly higher than
those in aqueous medium. The break point in the y vs. logC
curves of Figure 4 corresponds to the formation of aggregates
in solution. The CC that was associated with this break point
was in the range of 107 to 1072 mol « L™!. These values were

[ * H1010D2 *H1010D3 AH1010D4 ® H1010D6

401

35

Surface tension (mN/m)

30

25

20

T

-55 -5

FIG. 3. Plot of surface tension/logC for

45
log C

binary systems water/1010Dn at 60°C.
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FIG. 4. Plot of surface tension/logC for binary systems formamide/88Dn at 60°C.

much higher than the corresponding CC values in agueous so-
lution. These results agree with CMC values of ionic surfac-
tants in formamide obtained by Ray (22), Couper et al. (23),
and Lattes and coworkers (24-26).

From the vy vs. logC curves in water, the surface-excess
concentrations (I') and the area per molecule (A ;) for these
surfactants were determined. From these curves, the effect of
both the hydrophobic group and the number of ethyleneoxide
(EO) groups on the A, at the surface can be determined.

TABLE 10
Surface Properties of Compounds HmmDn and HmmeEn in Water at
60°C

10*x CC T

Compound £ 0.05 Yec 1 Ain x4 (mols/cm?
(mol ¢ L™y (mNm™) (nm? x 10%) x 1019

H66D2 37.30 27 80 2.07
H88D2 1.46 25 69 2.40
H1010D2 0.42 24 62 2.67
He66D3 54.70 27 85 1.95
H88D3 2.29 25 74 2.23
H1010D3 0.47 24 67 2.42
H66D4 59.00 27 93 1.79
H88D4 3.50 24 84 1.97
H1010D4 0.49 24 75 2.20
H66D6 65.00 27 109 1.52
H88D6 413 24 101 1.64
H1010D6 0.55 24 83 2.00
HB88E2 5.23 28 66 2.50
H1010E2 0.81 27 64 3.81
55Lec? 98.002 — 66 + 10 —
66Lec? — — 60 = 17 —
77Lec? 1.707 — 63 + 3b —
88Lec? — — 85+ 2P —

455Lec and 77Lec are, respectively, dihexanoyllecithin and dioctanoyl-
lecithin. Critical micelle concentration values are measured at 45°C by
Wells (Ref. 11).

bgglLec is the nonanoyllecithin. The Ain are evaluated by Tausk et al. (Ref.
12).

JAQOCS, Vol. 73, no. 1 (1996)

These data are shown in Table 8. These values are of the same
order as those of lecithin analogues 55Lec, 77Lec, and 99Lec
(12). Also, A_, in the current series of surfactants decreased
when the alkyl chainlength was increased. Compound H66D2
produced a value of 80 nm? x 102 for the minimum surface
area per molecule at the water/air interface, whereas H88D?2
gave a value for the area per molecule of about 69 nm? x 10%
The stopes of the y vs. logC curves below the CC, as indicated
by a sharp break, decreased with an increasing number of EO
groups; from this, it follows that the surface concentration (I")
diminishes progressively. Consequently, the A . increases
as a function of the number of EQ units. Thus, for example,
compound H66D2 has an A_, of 80 nm? x 102, whereas
H66D6 has an A, of 109 nmrﬁl x 10%. As was expected, these
values were higher than those of the single-chain nonionic
surfactants of the type C, EO, (27,28). Values ranging from
21.7-24.8 nm? x 10% at 25°C have been reported for the non-
ionic single-chain surfactants if C,EO,(m=12,n= 2-6).
Compared with the corresponding Lys analogues (6,7,29), the
A, values of the present compounds agree in certain char-
acteristic features. They are of the same order of magnitude
and change in a similar way with the molecular structure pa-

TABLE 11
Surface Properties of Compounds HmmDn and HmmEn in For-
mamide at 60°C

102 x CC? £ 0.1 Yect 1
Compound (mol » L") (mNm™)
He6D2 9.5 30
H66D3 10.2 30
H88D2 2.7 29
H88D3 89 29
H1010D2 1.8 28
H1010D3 2.3 28
H1010E2 2.5 2

“Critical concentration.
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rameters of hydrophobic chainlength and EO units. Accord-
ing to Kuwamura and Takahashi (30,31), values of A . for
compounds HmmDn are the result of the effect of three struc-
tural parameters: (i) hydrophobic alkyl chainlengths; (ii)
structure of the connecting amino acid, Asp or Glu; and (iii)
number of EO units in the hydrophilic head group. For
HmmDn, the effect of (i) and (iii) are the most important. It is
noticeable, for example, that the values of A_, for this series
decrease with an increase of methylene groups and increase
for each successive EO group added. No important changes,
however, were observed in Ain when Asp was substituted
by Gluz; for e>2(ample, Aqgepy = 69 2mm2 ><21 02, while Aygggr =
66 ?m ><210 s A1o10p2 = 62 nm*” X 10° and Agi01082 = 64
nm* X 107,

When comparing the A_; of the 88Lec (85 nm? x 10%) ho-
mologue, reported by Tausk et al. (12), with those of the cor-
responding H88Dn series (with the same chainlengths), ho-
mologue H88D4 showed A . = 84 nm? x 102, comparable
with that of the 88Lec homologue.

The surface-tension study in water showed these com-
pounds to be surface-active materials, in particular those with
fluorinated alkyl chains. Their water solubility properties at
22°C, however, as for lecithins, was poor but increased with
temperature. As expected, the solubility of these compounds
decreased with increasing alkyl chainlength. No important
changes were observed when Asp was substituted by Glu.
Nevertheless, when compared to Lys analogues, some differ-
ences were observed. The orientation of the amide groups in
the central pivot of the molecule should influence the surface
activity and aggregation ability of these new molecules. In
contrast to Lys analogues, the present compounds show com-
parable properties to those of natural compounds.

Surface properties vs. concentration plots of the fluori-
nated FmmDn and FmmEn compounds were not determined
due to the poor solubility properties in water and in for-
mamide. Despite this, the lowering of the surface tension of
pure solvents by the addition of small amounts of these com-
pounds (Table 9) suggests that they are potential surface-ac-
tive materials with potential applications in the biological
field (32-34).

To improve the solubility properties of these fluorinated
compounds, synthesis of analogue compounds with poly-ols
or sugar functions in the hydrophilic head group, instead of
the polyoxyethylene chains, is in progress (35). Fluorinated
compounds appear to be interesting surfactants for oxygena-
tion purposes in the field of biology (34,36,37).

Further investigation in this series are currently being pre-
pared to extend the work. As indicated in a previous paper
(7), following the theories of Israelachvili (38) and Tanford
(39) concerning the structure of micellar aggregates, a study
of the shape and size of the aggregates will be undertaken.
Moreover, from the work carried out by Katz (40), the effect
of the CH, contribution to thermodynamic parameters of
air/water adsorption and of micellization for the three series
of lecithin analogues, based on Lys, Asp, and Glu amino
acids, will be evaluated.

ACKNOWLEDGMENTS

We thank J.J. Delpuech and J.-C. Ravey (CNRS) for helpful discus-
sions of this work. This study has been generously supported by the
“Quimica Fina Program” (QFN 89/4011) project, a fellowship to
Joan Seguer, and “Action Intégrée Picasso” N-92021 and 104B.

REFERENCES

1. Aiken, I.H., and C.V. Huie, Detection of Bilirubin Using Sur-
factant Fluorescence Enhancement and Visible Laser Fluorime-
try, Anal. Lett. 24:167 (1991).

2. Jones, M.N., Surfactant Interactions with Biomembranes and
Proteins, Chem. Soc. Rev. 21:127 (1992).

3. Kilotz, P, L.A. Cuccia, N. Mohamed, G. Just, and R.B. Lenox,
Synthesis and Properties of New Bisphosphatidylcholine
Lipids, J. Chem. Soc. Commun. 18:2043 (1994).

4. Hovius, R., H. Lambrechts, K. Nicolay, and B. De Kruijff, Im-
proved Methods to Isolated and Subractionated Rat Liver Mito-
chondria: Lipid Composition of the Inner and Outer Membrane,
Biochim. Biophys. Acta 1021:217 (1990).

5. Riess, J.G., Perfluorochemical Emulsions for Intravascular Use,
presented at Fluorine Med. Chem. 215t Century Conference,
edited by R.E. Banks and K.C. Lowe, Paper 20, 1-19 (1994);
and Highly Fluorinated Systems for Oxygen Transport, Diagno-
sis and Drug Delivery, Colloids and Surf. 84:33 (1994).

6. Seguer, J., M®R. Infante, M. Allouch, L. Mansuy, C.Selve, and
P. Vinardell, Synthesis and Evaluation of Nonionic Am-
phiphilic Compounds from Amino Acids: Molecular Mimics of
Lecithins, New J. Chem. 18:765 (1994).

7. Seguer, ., C. Selve, M. Allouch, and M* R. Infante, Nonionic
Amphiphilic Compounds from Lysine as Molecular Mimics of
Lecithins, J. Am. Oil Chem. Soc. 73:79 (1996).

8. Allouch, M., Nouveau Matériaux Tensioactifs Nonioniques
Monodisperses Hydrogénés et Fluorés sur ia Base da-
Aminoacides, Ph.D. Thesis, University of Nancy I, France,
1993.

9. Lattes, A., M.J. Marti, and L. Rico, Generalization of the Sur-
factant Concept: Micellization of Zwitterionic and Mesoionic
Amphiphiles in Formamide and Methylsydone, in Surfactants
in Solution, edited by K L. Mittal, Plenum Press, New York,
1992, pp. 127-139, and references cited therein.

10. Selve, C., F. Hamdoune, L. Mansuy, and M. Allouch, Nonionic
Generally Perfluoroalkyled-Lipopeptides: Synthesis and Prop-
erties, J. Chem. Res. (S1):22; (M):401 (1992), and references
cited therein.

11. Wells, M.A., Phospholipase A, Model System: Calcium En-
hancement of the AmineCatalyzed Methanolysis of Phos-
phatidylcholine, Biochemistry 13:2248 (1974), and references
cited therein.

12. Tausk, RJM., J. Karmiggelt, C. Qudshoorn, and J.T.G. Over-
beek, Physical Chemical Studies of Short-Chain Lecithin Ho-
mologues. I. Influence of the Chain Length of the Fatty Acid
Ester and of Electrolytes on the Critical Micelle Concentration,
Biophys. Chem. 1:175 (1974).

13. Shinoda, K., T. Yamaguchi, and R. Hori, The Surface Tension
and the Critical Micelle Concentration in Aqueous Solution of
B-D-Alkyl Glucosides and Their Mixtures, Bull. Chem. Soc.
Jap. 34:237 (1961).

14. Matos, L., J.-C. Ravey, and G. Serratrice, Surface Tension
Properties of Aqueous New Nonionic Fluorinated Surfactants,
J. Coll. Int. Sci. 128:341 (1989).

15. Rosen, M.]., Surfactants and Interfacial Phenomena, 2nd edn.,
John Wiley and Sons, New York, 1988, pp. 33-107.

16. Schick, M.J., Surface Films of Nonionic Detergents. I. Surface
Tension Study, J. Coll. Sci. 17:801 (1962).

JAOCS, Vol. 73, no. 1 (1996)



96

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

M. ALLOUCH ET AL.

. Crook, E.H., G.F. Trebbie, and D.B. Fordyce, Thermodynamic

Properties of Solutions of Homogeneous p-Tert-Octylphe-
noxyethanols (OPE1-10), J. Phys. Chem. 68:3592 (1964).

. Tanford, C., Micelles, in The Hydrophobic Effect: Formation of

Micelles and Biological Membranes, Vol. 11, John Wiley and
Sons, New York, 1980, pp. 45-89, and references cited therein.
Becher, P., Micelle Formation in Aqueous and Nonaqueous So-
lutions in Nonionic Surfactants, edited by M.J. Schick, Marcel
Dekker, New York, 1967, pp. 478-715.

Shinoda, K., Surfactants Solution, in Principles of Solution and
Solubility, Marcel Dekker, New York, 1974, pp. 157-179, and
references cited therein.

Buzier, M., Diagrammes de Phase et Structures des Systéms a
Base de Tensioactifs Nonioniques: Influence de la Température
et d’additifs Ioniques, Ph.D. thesis, University of Nancy I,
France, 1984.

Ray, A., Solvophobic Interactions and Micelle Formation in
Structure Forming Nonaqueous Solvents, Nature 231:313 (1971).
Couper, A., G.P. Gladden, and B.T. Ingram, Adsorption of Sur-
face-Active Agents in Nonaqueous Solvents, Faraday Discuss
B. Chem. Soc. 59:63 (1975).

Escoula, B., N. Hajjaji, I. Rico, and A. Lattes, A New Type of
Water-Insoluble Surfactant: Molecular Aggregation of Long
Chain Phosphonium Salts in Formamide, J. Chem. Soc. Com-
mun. 1:1233 (1984).

Rico, I., and A. Lattes, Formamide, a Water Substitute-12-
Krafft Temperature and Micelle Formation of Ionic Surfactants
in Formamide, J. Phys. Chem. 90:5870 (1986).

Marti, M.J.,, and A. Lattes, Nouvelles Voies de Synthése de
Tensioactifs Zwittérioniques et Mésoioniques: Etude Compara-
tive de leur Agrégation Moléculaire en Solution dans I’eau, le
Formamide et la 3-Méthylsydnone, Ph.D. Thesis, Toulouse
University, France, 1989.

Corkill, JM., J.F. Goodmann, and R.H. Ottewill, Micellisation
of Homogeneous Nonionic Detergents, Trans. Farad. Soc.
57:627 (1961).

Gherbi, A., Systemes Mixtes Aqueux de Tensioactifs Nonionics
Fluorés et Hydrogénés: Diagrammes de phase, Micelles et
Films Superficiels, Ph.D. Thesis, University of Nancy I, France,
1989.

Seguer, J., Sintesi i Estudi de Proprietats de Compostos Am-
phiphilic Polioxietilentats de l1a Diacil Lisinamida, Ph.D. The-
sis, University of Barcelona, Spain, 1993.

JAOCS, Vol. 73, no. 1 (1996)

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Kuwamura, T., and H. Takahashi, Structural Effect on the Prop-
erties of Nonionic Surfactants. 1. Synthesis and Some Surface
Activities of Acetal-Type Homogeneous Nonionics, Bull.
Chem. Soc. Japan 45:617 (1972).

. Takahashi, H., and T. Kuwamura, Structural Effect on the Prop-

erties of Nonionic Surfactants. II. Acetal-Type Homogeneous
Nonionic Heaving Polyoxyethylene Chains Terminated with
Methoxy Group, Ibid. 46:623 (1973).

Krafft, M.P., J.P. Rolland, P. Vierling, and J.G. Riess, New Per-
fluoroalkylated Phosphonicholines: Effect on Particle Size and
Stability of Fluorocarbon Emulsions, New J. Chem. 14:869
(1990).

Santaella, C., P. Vierling, and J.G. Riess, Highly Stable Lipo-
somes Derived from Perfluoroalkylated Glycerophospho-
cholines, Angew. Chem. Int. Ed. 30:567 (1991).

Riess, J.G., Highly Fluorinated Systems for Oxygen Transport,
Diagnosis and Drag Delivery, Colloids and Surf. 84:33 (1994).
Allouch, M., M.-R. Infante, L. Mansuy, J. Seguer, and C. Selve,
Sintesi de Tensioactivos No-ionicos Monodispersos con Func-
tiones Hidrofilas Derivadas de Azucares, Jorn. Com. Esp. De-
terg. 25:443 (1994).

Cecutti, C., A. Novelli, L. Rico, and A. Lattes, A New Formula-
tion for Blood Substitutes, J. Disp. Sci. Technol. 11:115 (1990),
and references cited therein.

Chang, T.M.S., and R.P. Geyer, Blood Substitutes and Oxygen
Carrier, Marcel Dekker, New York, 1993, pp. 31-49.
Israelachvili, .N., D.J. Mitchell, and B.N. Nidhan, Theory of
Self Assembly of Hydrocarbon Amphiphiles into Micelles and
Bilayers, J. Chem. Soc. Faraday 72:1525 (1976).

Tanford, C., Micelle Shape and Size, J. Phys. Chem. 76:3020
(1972).

Katz, J.L., Free Energy of Adsorption of Nonionic Surfactants
at the Saturated Air-Water Interface, J. Coll. Interface Sci.
56:179 (1976).

Bodanszky, M., and A. Bodanszky, Trifluoroacetic Acid, in The
Practice of Peptide Synthesis, Vol. 21, Springer-Verlag, Berlin,
pp. 170-172.

[Received January 11, 1995; accepted November 4, 1995]



