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Thermally reversible organogels, consisting frequentlyaf
wt % of a low-molecular mass gelatdtNIOG ) and an organic
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In situ evidence for the presence #fin gels was obtained
from FT-IR spectroscopy. The similarities between the relative

liquid,* are microheterogeneous phases that self-assemble in dntensities and positions of carbamate absorbances of neat solids

wide variety of modes expressed from the molecular to the

of 2a or 2b (1645 and 1567 cnt) and of their 2-5 wt % gels

micrometer-distance scales. When sols or solutions of any of thesewith silicone oiP (1648 and 1568 crtt) suggest similar aggrega-
systems are cooled below the characteristic gelation temperaturdion structures on a molecular level.

(Ty), the LMOG s aggregate into fibers, strands, tapes, and so

forth which join at “junction zones® to form networks that
immobilize the liquid componenrt. The unusual structural and

Generally, the aminésin Scheme 1 are transformed from
nongelators (or not very inefficient orf@sto ammonium car-
bamate%that are at least somewhat more efficieMOG s as

diffusional properties of organogels have led to several interesting indicated by the variety of liquidgjelled, the periods over which

applications. An exceedingly broad range of organic liquids,
including quasi-liquids such as supercritical £as been gelled,
and very diverse types &MOG s—ranging from two components
(acting via specific H-bonding interactions) or single species

the gels persist in sealed tubes at room temperature, antj the
values (taken to be the temperatures at which gels, inverted in
sealed glass tubes, fell under the influence of gravity when
heated). Qualitatively, longemn-alkyl chains of primary amines

whose structures can be salts to multifunctional molecules or evenproduced better ammonium carbamate gelators: although even

simple long-chained-alkanes-are knowntac4
Here, we report a new type 6MOG , ammonium carbamates

2 wt % of 2a was able to gel about half of the liquids in Table
1, the same concentration 2b gelled 4 of the liquids, but with

(2), and a new, reversible organogelation process based on themuch lowerTg values and (except for silicone oil) stability periods

rapid and isotherma(at room temperature) uptake of g0y a
“latent” LMOG, an amine 1), and loss of C@ from its
ammonium carbamate) upon heating (Scheme 1). Key to the
success of this approach is the known reversible uptake gf CO
by many primary and secondary amiftéEhe neat ammonium
carbamates in Scheme 1 lose £@hen heated ta100 °C for
several minutes. Experimentally, @3 bubbled through an amine
solution for several minutes to form the gel, and isl bubbled
through the heated gel (to avoid reformation2aén cooling) to

of <1 week, and2c gelled only silicone oil and with a much
lower T4 and period of stability tha@b. Whereas 2 wt % of the
symmetrical amineld, was able to form a partial, unstable gel
only in silicone oil, Ty of the correspondingd gel was ca. 50C
higher. The unsymmetrical and slightly longer secondary amine,
1e produced gels with silicone oil, nitrobenzene, and DMSO that
persisted for less than 1 week and its ammonium carbar@ate,
was not an appreciably better gelator. Neither the dianiifie,
nor 2f was a good gelator; each gelled silicone oil poorly, &hd

destroy it; the gelation/degelation cycle can be repeated manyMade an unstable partial gel additionally with octaRg<0 °C).
times without detectable degradation of the system. Whep CO At 0.5-1.0 wt %, only2f was dissolved in boiling water; the

is lost from2 in a closed vessel so that it can recombine vith

solutions yielded unstable, quasi-gels when cooled.

formation of the ammonium carbamate and gelation are thermally ~ The properties of gels employiritp and 2a are described in
reversible. To ensure homogeneity, gels were sealed in glass tube§reater det_alllg is a very poolLMOG , even in relatively large
and then heated and cooled rapidly under tap water twice beforeconcentrations? It formed unstable gels only with DMSO and

measurements were made.
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silicone oil. By contrast, all of the liquids listed in Table 1 (except
nitrobenzene) provided gels 8a that persisted for3 months

at room temperaturel; measurements on 2 wt % silicone oil
gels indicate that théa—2a transformation is complete after only
ca. 30 s of C@bubbling at room temperature and ttzst—1a
requires<2 min N, bubbling at 60°C. According to differential
scanning calorimetry (DSC) thermograms of gels contairi2g

wt % 2ain silicone oil, gelator strands dissolve (i.e., disassemble)
at <70 °C.

(6) Tetramethyltetraphenylsiloxane (Dow silicone oil 704) was selected as
the liquid for structural studies here because its very low volatility allows
gels to be handled in the air without sample loss.

(7) Solvents were reagent grade or purer. Amines (Aldrich) were heated
under N atmospheres to remove traces of carbamates, or they were distilled
and stored under nitrogen, depending upon their initial purity. Ammonium
carbamates were isolated by passing.@&s through a chloroform solution
of the corresponding amine for 15 min; hexane was the solvent for
1-decylamine and dioctylamine. The precipitates were then filtered and dried.
Melting points of the amines and carbamates are reported as Supporting
Information.

(8) Although 1d—2d and1e—2e using this technique, another secondary
amine with longer alkyl chaing\,N-dioctadecylamine, was not converted
appreciably to its ammonium carbamate in a variety of liquids. Clearly, there
are limitations to the amine structures that can be converted efficiently to
ammonium carbamates for gelation.

(9) Takahashi, A.; Sakai, M.; Kato, Polym. J 198Q 12, 335.
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Table 1. Gelation Propertiésof 2 and 5 wt %1a and2ain
Various Liquid$

la 2a
liquid 2 Wt % 5 Wt % 2 Wt % 5 Wt % g LL a
hexane P P OG (5456) E il W
n-octane P P OG (5660) ] /\/\/\—
silicone oil TG (25) TG (35) TG (59-60) TG (80) c
ethanol P P OG (5456) 1 o —h d
1-butanol P P OG (4950) ¥ y y ¥
1-pentanol S s PG0)  OG (52-55) 0 10 20 30 40
1-octanol P P OG (4642) Degrees (20)
benzyl alcohol S TG (44) TG (53) Figure 2. X-ray diffraction patterns at room temperature of (&
toluene S TG (4748) TG (56) powder, (b) 5 wt %1a in silicone oil gel, (c) silicone oil, and (d)
nitrobenzene S PGH10) diffractogram b subtracted from diffractogram c.
DMSO TG (50-52) TG (48-50) TG (74-76) TG (90-92)
CCl, P P P TG (46-42)
a S = solution, P= precipitate, PG= partial gel, TG= turbid gel, .
and OG= opaque gel? All gels were stable at room temperature in
closed tubes for3 months unless indicated otherwise. valueS of ? A T a
(°C) are in parenthese$Stable< 1 week. g
[=
1 b
[
I Y VI— R
0 0 20 30 40
Degrees (26)

Figure 3. X-ray diffraction patterns at room temperature of @g
powder, (b) 5 wt %2a in silicone oil gel, (c) silicone oil, and (d)
diffractogram b subtracted from diffractogram c.

monium octadecylcarbamate, 55.0%Ajs very close to the
lamellar thickness in strands of its silicone oil délsr its neat
powder, 52.4 A, molecules &fa must be fully extended with
their long axes orthogonal to the lamellar planes. Although the
exact nature of the packing cannot be ascertained with the
information in hand, the match between the diffraction patterns
in Figures 2 and 3 and the absence of solvent molecules in the
powders require that the gel strands of bathand 2a not be
swollen with silicone oil* Efforts to make single crystals of any
of the 1 or 2 suitable for X-ray analyses have been unsuccessful
thus far.

In summary, we have developed a new method for the
X . - X reversible formation of organogels employing “latent” organo-
component, X-ray diffraction patterifsof 5 wt % silicone oil gelators (amines) and a gas (gOIn addition, most of the

gﬁlds g)f,1?}2”2%%nma?ﬁhtgzosga?fcthzlglr;e:rt]govgﬁgrsar(]zgLrjrr]ﬁztzbeammonium carbamates examined produce a wider variety of gels
' 11p 9 ry gel s that are more stable than their corresponding amines. It should
the samé211The same morphs have been found in the gels and

. . be possible to develop other gelators that respond analogously to
Qe:}SSOOI'.Iqﬁ:f ?:\S/:Laébgg?gt |2|3v?;§h?e0tgztmﬁes 'glggﬂjﬂn;aﬂ different gases. For instance, a pH-sensitive system based on latent
' - 1he pres ; gle peak in the geis Ir - ygelators of carboxylic acids in which the active gas is ammonia

1 and 2 is consistent with lamellar organizations within their

strands. For instance, the length of a fully extended molecule of or a volatile amine may be possible.

1a, 26.0 A22is slightly more than half the lamellar spacing in its Acknowledgment. The National Science Foundation is thanked for
gel strands (silicone oil) and neat powder, 45.4 A as determined support of this research and for a grant to purchase the powder
from Bragg’s law. These data suggest that the lamellar thicknessdiffractometer. Dr: Robert E. Bachman and Dr. K. Travis Holman are
is determined by pairs ofla molecules in a head-to-head thanked for technical support and advice.

arrangement with either a slight deviation from orthogonality Supporting Information Available: Melting points of amines and
between their long axes and the lamellar planes or some chaintheir carbamates and DSC thermogramsaf(PDF). This material is
bending. Since the extended length calculated for octadecylam-available free of charge via the Internet at http://pubs.acs.org.

(10) XRD data were collected on a Rigaku R-AXIS image plate system JA016819+
with Cu Ko X-rays (. = 1.54056 A). Data processing and analysis were (13) A distance of 52.6 A can be estimated from the low-angle peak in

Figure 1. Polarizing optical micrographs at room temperature of 2 wt
% gels in silicone oil: (a)la (b) 2a. The space bars are 10@n.

Polarizing optical micrographs dfa and 2a silicone oil gels
are presented in Figure 1. The aggregates from2téngel are
clearly more elongated and strand-like than those fi@nOn
this basis alone, thea assembly should be able to immobilize a
liquid better than that ofa. The higher dissolution temperatures
(i.e., lower solubilities) oRa in silicone oil also predict that its
gels will be more stable those &g

After subtraction of the “amorphous” scatter from the liquid

performed using MDI-Jade (version 5) software. Figure 3d, but the uncertainty of this value is much larger than the 0.2 A
(11) Ostuni, E.; Kamaras, P.; Weiss, R. 81gew. Chem., Int. Ed. Engl. difference between it and the distance based in Figure 3a.
1996 35, 1324. (14) (a) Wang, R.; Geiger, C.; Chen, L.; Swanson, B.; Whitten, DJ.G.

(12) Calculated by Hyperchem (version 5.1) molecular modeling system Am. Chem. So200Q 122 2399. (b) Geiger, C.; Stanescu, M.; Chen, L.;
at the PM3 level, adding the van der Waals radii of the terminal atoms. Whitten, D. G.Langmuir1999 15, 2241.



