First report of phase selective gelation of oil from oil/water mixtures. Possible

implications toward containing oil spills
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From a two-phase mixture of water and oil (either commer-
cial fuel or pure organic solvent), a simple amino acid
derivative, N-lauroyl-L-alanine has been shown to be able to
gelate the oil phase selectively; SEM and FT-IR provided
molecular level insights into the process of gelation.

Much has been achieved in the field of polymeric gels and their
applications.r Although several excellent non-polymeric low
molecular mass organogelators have been developed,23 the
ability of an organogelator to gelate one solvent in preference to
another from a given mixture has still not been evidenced. This
becomes an even more daunting task when one of the solvents
in such a mixture is water. This is because, in contrast to their
macromolecular counterparts, the network structure formed by
low molecular weight organogel ators are often held together by
non-covalent interactions such as hydrogen bonding.3 Under-
standably, water competes for the hydrogen bonding sitesin the
gelator molecule, thereby disrupting the self-association of the
gelator and ruining gelation. We discovered that a fatty acid

derived amino acid, N-lauroyl-L-alanine, 1, is a simple and
effective system for the selective gelation of non-polar organic
solvents such as aromatic and aiphatic hydrocarbons. Herein
wereport for thefirst time an organogel ator, which is capabl e of
achieving solvent-specific gelation from a two-phase mixture.
To derive a proper structure—property correlation, related
compounds 2—4 were also synthesized.f

First the efficiency of 1 in gelating various aromatic and
aliphatic hydrocarbon solvents was examined§ (Table 1). For a
series of n-alkaneswith 6 < n < 12, the MGC passed through
amaximum for n = 8, and another minimum was reached for n
= 16, where n is the number of C-atoms in the aiphatic
hydrocarbon. The gels formed in aiphatic hydrocarbons were
translucent in nature while those formed in aromatic solvents
werefound to be transparent. Since the above solventsalso form
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major constituents of petrol, wefound that 1 could indeed gelate
awide range of commercia fuels (Table 1).

Representative SEMT of the gels of 1 obtained from either n-
heptane (Fig. 1A) or toluene (Fig. 1B) shows the presence of a
network of fibers of varying thicknesses. In the heptane gels, a
profusion of thin fibers (0.5-1.5 um) was seen whilein toluene
gelsindividua fibers of regular thickness (3.0 wm) appeared to
merge into thicker fibers (6-15 uwm). Solvent molecules get
entrapped in the fibrous networks due to surface tension
resulting in gelation.

We then investigated selective gelation of a discrete volume
of such fuels by 1 when it is present in a two-phase system. A
mixture of double-distilled water (2 mL) and an oil (2 mL) was
taken in atest tube and 1 (10 mg) was added to the two-phase
mixture. Compound 1 was solubilized either by heating or by
injection of an ethanolic solution of 1 leaving the mixture to
equilibrate. Remarkably, as soon as rt was attained, the oily
layer was found to be completely gelated leaving the agueous
layer unaffected. Even upon standing for ~1 week, both the
phases remained intact with their respective states of gelation
and non-gelation. When the experiment was repeated with
periodic or continuous violent agitation (a model ‘oil-spill
situation’) the above mixture formed an emulsion which, upon
cooling to rt, rapidly solidified into a mass where the phase

Table 1 Gelation properties of 1 (1 mmol) and minimum gelator
concentration (MGC) in g L—1 (gelator/organic solvent) necessary for
gelation of various organic solvents at 25 °C

Organic liquid MGC Organic liquid MGC
n-Hexane 7.0 Benzene 8.0
n-Heptane 2.6 Toluene 35
n-Octane 24 o-Xylene 51
n-Decane 25 m-Xylene 55
n-Dodecane 2.7 p-Xylene 2.7
n-Hexadecane 24 Mesitylene 2.2
|sooctane 34 Cyclohexane 4.0
Petrol 119 CCly 8.8
Kerosene 32 1,2-Dichlorobenzene 5.0
Paraffin oil 51 Carbon disulfide 5.9

Fig. 1 SEM of gels of (A) n-heptane and (B) toluene with 1.
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boundaries were indistinct. Heating of this gelled emulsion to
>50 °C resulted in the ‘melting’ of the mass which separated
into discrete aqueous and organic layers. When thiswasallowed
to cool undisturbed, asbefore only the organic layer was gelated
selectively. Similarly, a given volume of commercially availa-
ble petrol could be gelated from a two-phase mixture.
Importantly the gelation was unaffected even in the presence of
(a) NaCl (at various concentrations) or (b) chelation inducing
metal salts (e.g. CuSQy,), or (c) oxidizing agents (e.g. KMnOy)
or (d) other impurities present in water from natural sources (not
shown).

Next, the roles of various functional groups involved in the
self-assembly processwereinvestigated by blocking one by one
the hydrogen bonding sitesin 1 via chemical modification. First
the carboxylic acid (-CO,H) in 1 was converted to its methyl
ester, 2. Then the amide moiety (-NH-C(O)) in 1 was subjected
to N-methylation to give 3. Interestingly, neither 2 nor 3induced
any gelation. Thus the presence of both the -CO,H and the
secondary amide (-NH-C(=0)) appear to be essential for self-
association of the monomer into fibers (Fig. 1) a necessary
prerequisite for gelation.

In order to understand the precise roles of the -CO,H and
-NH-C(=0) residuesin 1 in the process of gelation, detailed FT-
IR studieswere carried out || First, FT-IR spectraof (a) the solid
(KBr pellet) from adried benzene gel of 1, (b) solutions of 1 (c
= 60 mg mL—1) in benzene and (c) in a non-gelatable solvent
such as CHCI; were compared (not shown). The amide and the
—CO,H moietiesin 1 are as strongly hydrogen bonded in the gel
state as they are in the solid state. Benzene does not interfere
with the intermolecular association. Theamide | band in the gel
state was almost as strongly hydrogen bonded as in the solid
(1646 cm—1). However, in CHCl3 theamide | band (1669 cm—1)
evidenced aweakly hydrogen bonded species probably between
the oxygen of the amide carbonyl and the acidic H of CHCl5.
This is confirmed by efficient gelation of CCl, by 1. Thus
solvents capable of hydrogen bonding suppressgelation inthese
systems by disallowing the self-assembly process.

The -CO,H sites of 1 in both solvents form dimers of
comparable strength (1732 cm—1). Thus the factor controlling
gelation of 1 seems to be hydrogen bonding at the amide sites
(-N-H---(O)=C-N-H---(0)=C-), whichissignificantly affected
by the polarity and protic nature of the solvent. However, the
strength of the amide | band is considerably weaker in CHCl3
(1669 cm—1) than in benzene (1648 cm—1). It is this difference
in strength that most probably determines whether the solvent
promotes or inhibits perpetuation of the superstructure. In
addition to the amide site, the availability of the free -CO.H is
mandatory for the dimer formation leading to gelation. Thiswas
confirmed with 4 where the free amine cannot form analogous
dimers and despite the presence of amides, the gelation did not
occur.

In summary, in order to exhibit gelation, the molecule must
have the capacity to self-assemble in three-dimensions to form
fibrous networks. Self-assembly of 1 is evident from SEM. IR
studies show that this process involves at least two interactions
(-CO,H and (0O)=C-N-H) where each residue promotes the
formation of a supramolecular array. In water, due to the
presence of a lipophilic alkyl chain, 1 exerts a hydrophobic
effect4 and excludes water. Additional stabilization of such
aggregates most likely originates from Van der Waals contacts
of the polymethylene chains. This promotes the self-organiza-
tion of 1 and in the process it is able to gelate hydrocarbon-
based fuels or solvents even in the presence of water. While the
present system is interesting, the necessity to heat and cool the
samplesin order to achieve phase separation significantly limits
its use for the containment of oil-spills. Clearly issues such as
requirement of heating to achieve gelation have to be addressed
before a rea-life application is possible. Nevertheless the
present system demonstrates its unique ability to confer phase-
selective gelation of toxic solvents from complex mixtures.
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Notes and references

FAIl new compounds, 14, were synthesized from readily available
precursors and were characterized by FT-IR, H-NMR, LR-MS and
elemental analysis. Selected data: N-n-dodecanoyl-(S)-adanine (1) was
synthesized by the hydrolysis of 2in MeOH with 1.0 eq. of 1 M NaOH for
2hat ~5°C followed by careful acidification in cold conditions. |solated
as asolid, mp: 84 °C (97% yield). [0]p25 (¢ = 2in CHCl3) = +16.6°. IR
(cm—1): 3348, 1704, 1646, 1520. tH-NMR (300 MHz, CDCl3) &: 0.88 (t, J
= 6.5Hz, 3H), 1.25 (br m, 16H), 1.45(d, J = 7 Hz, 3H), 1.61 (m, 2H), 2.22
(t, J = 8Hz, 2H), 4.54 (m, 1H), 6.4 (d, J = 9 Hz, 1H). LR-MS: 271 (M+,
2%). Anal. calcd. for CisH29NO3: C, 66.38; H, 10.77; N, 5.16. Found: C,
66.62; H, 10.94; N, 4.92%. Methyl N-n-dodecanoyl-(S)-aaninate (2) was
synthesized by reaction of L-alanine methyl ester hydrochloride (Fluka)
with dodecanoy! chloride (1.1 eg.) indry CHCl3 and Et3N (2.2 eq.). I solated
as asolid, mp: 65 °C, (97%yield). [0]p 2 (¢ = 2in CHCIl3) = +14.0°. IR
(cm—1): 3300, 1732, 1650, 1537. *H-NMR (300 MHz, CDCl3): §: 0.88 (t, J
= 7Hz, 3H), 1.26 (br m, 16H), 1.41 (d, J = 6.5Hz, 3H), 1.62 (m, 2H), 2.18
(t,J = 8 Hz, 3H), 3.73 (s, 3H), 4.56 (m, 1H), 5.93 (d, J = 9 Hz, 1H). LR-
MS: 285 (M+, 2%). Andl calcd. for C16H3:NOs: C, 67.33; H, 10.95; N, 4.91.
Found: C, 67.52; H, 11.03; N, 5.05%. N-n-Dodecanoyl-N-methyl-(S)-
alanine (3) was synthesized by the reaction of N-methyl-L-alanine (Fluka) in
dry DMF with dodecanoyl chloride (Fluka) and Et3N (1.1 eg.). Isolated as
a solid, mp: 79 °C, (64% yield). [0]p2®(c = 2 in CHCl3) = +10.1°. IR
(KBr) (cm—1): 1701, 1645, 1541. 1H-NMR (300 MHz, CDCl3) &: 0.87 (t, J
= 6.5Hz, 3H), 1.26 (br m, 16H), 1.44 (d, J = 7 Hz, 3H), 1.62 (m, 2H), 2.21
(t,J = 8Hz, 3H), 2.91 (s, 3H), 4.53 (M, 1H). LR-MS: 285 (M+, 2%). Anal.
caled. for C16H31NO3: C, 67.33; H, 10.95; N, 4.91. Found: C, 67.22; H,
10.58; N, 4.74%. N-Dodecyl-(S)-aaninamide (4) was prepared by catalytic
hydrogenation (10% Pd/C) in MeOH of N-benzyloxycarbonyl-N-hex-
adecyl-(S)-aaninamide, acompound that was prepared by DCC coupling of
(9-N-Benzyloxycarbonylalanine (Fluka) and n-hexadecylamine (Fluka) in
dry THF. Isolated as a hygroscopic solid, mp: 54 °C (87% yield). [a]p?5 (C
= 2in CHCl3) = +12.8°. IR (KBr) (cm—1): 3320, 1630, 1560. *H-NMR
(300 MHz, CDCl3) 6:0.86 (t, J = 7 Hz, 3H), 1.2 (br m, 18H), 1.26 (m, 2H),
1.43(d, J = 7Hz, 3H), 3.2 (m, 2H), 4.09 (m, 1H), 7.5 (br s, 1H). LR-MS:
256 (M+, 40%). Anal. calcd. for C;5H32N20-0.25 H,0: C, 69.04; H, 12.56;
N, 10.74. Found: C, 69.36; H, 12.83; N, 10.48%.

§ The ability of 1 to gelate a given solvent was tested by solubilizing 1 (1
mmol) in the desired solvent (7.5 mL) by gentle heating and allowing the
solution to spontaneously cool to rt. The gel was allowed to stand for ca. 15
min at rt. MGC was calculated as described in the literature.3a

9 Scanning electron micrograph (SEM) was recorded using a Cambridge
stereoscan S-360 SEM. A glass plate bearing a droplet of 1 dissolved in
benzene or n-heptane was attached to the sample stage after completion of
gelation and sputtered with gold to 100-150 A.

|| 1 was dissolved in the desired concentrations in benzene or CHCl3 and
loaded into a solution cell of a JASCO 410 FT—-IR spectrometer. Spectra
were corrected for solvent absorption.

1 S Miyazaki, F. Suisha, N. Kawasaki, M. Shirakawa, K. Y amatoyaand D.
Attwood, J. Controlled Release, 1998, 56, 75; Y. Ito, N. Sugimura, K. Oh
and Y. Imanashi, Nat. Biotechnol., 1999, 17, 73; H. Leeand T. G. Park,
Biotechnol. Prog., 1998, 14, 508; Using Stimuli-Responsive Polymersin
Bioseparation, ed. I. Yu. Galaev, Bioseparation Special Issue, 1999, 7,
175.

2 See for arecent highlight: J. H. van. Esch and B. L. Feringa, Angew.
Chem,, Int. Ed., 2000, 39, 2263.

3 (a) K. Hanabusa, M. Yamada, M. Kimura and H. Shirai, Angew. Chem.,,
Int. Ed., 1996, 35, 1949; (b) P. Terech and R. G. Weiss, Chem. Rev., 1997,
97, 3133; () K. Yoza, N. Amanokura, Y. Ono, T. Aoka, H. Shinmori, M.
Takeuchi, S. Shinkai and D. N. Reinhoudt, Chem. Eur. J., 1999, 5, 2722;
(d) A. Aggeli, M. Bell, N. Boden, J. N. Keen, P. F. Knowles, T. C. B.
McLeish, M. Pitkeathly and S. E. Radford, Nature, 1997, 386, 259; (€) J.
Van Esch, F. Schoonbeek, M. de Loos, H. Kooijmann, A. L. Spek, R. M.
Kellogg and B. L. Feringa, Chem. Eur. J., 1999, 5, 937; (f) R. Oda, I. Huc
and S. J. Candau, Angew. Chem., Int. Ed., 1998, 37, 2689; (g) R. J. H.
Hafkamp, M. C. Feitersand R. J. M. Nolte, J. Org. Chem., 1999, 64, 412;
(h) S. Bhattacharyaand S. N. G. Acharya, Chem. Mater., 1999, 11, 3121;
(i) T. Brotin, R. Utermohlen, F. Fages, H. Bouas-Laurent and J.-P.
Desvergne, J. Chem. Soc., Chem. Commun., 1994, 1401; (j) U. Beginn, S.
Keinath and M. Méller, Macromol. Chem. Phys., 1998, 199, 2379; (K) Y.
Osada and J.-P. Gong, Adv. Mater., 1998, 10, 827; (I) T. Oya, T. Enoki,
A. U. Grosberg, S. Masamune, T. Sakiyama, Y. Takeoka, K. Tanaka, G.
Wang, Y. Yilmaz, M. S. Feld, R. Dasari and T. Tanaka, Science, 1999,
286, 1543.

4 C. Tanford, The Hydrophobic Effect: Formation of Micelles and
Biological Membranes, Wiley, New Y ork, 1980.


http://dx.doi.org/10.1039/b007848o

