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Gels comprised of low-molecular-mass organic gelators (LMOGs), N-alkyl perfluoroalkanamides
[F(CF2)mCONH(CHs),H; FmNHn], and several perfluorinated liquids are described. The gelation ability
of the amides has been compared to that of two analogous alkyl perfluoroalkanoates. The properties of
these gels have been correlated with the N-alkyl and (to a lesser extent) perfluoroalkyl chain lengths in
the FmNHn by X-ray diffraction, polarizing optical microscopy, infrared spectroscopy, and small-angle
neutron scattering. The gels are thermally reversible and require generally very low concentrations (<2
wt %) of LMOG. Several of the gels have been stable at room temperature for >1 year, thus far. The
incompatibility of the fluorocarbon and hydrocarbon segments causes the LMOGs to aggregate into lamellae
within the fibrils that constitute the basic unit of the gel networks. IR spectroscopic studies of these gels
indicate that additional ordering within the aggregate units is enforced by intermolecular H-bonding

among amide groups.

Introduction

Interest in low-molecular-mass organic gelators
(LMOGsS), the structures of their self-assembled fibrillar
networks (SAFINs), and, especially, the properties of the
thermally reversible organogels they produce has in-
creased enormously during the last several years.! Or-
ganogels are formed commonly when an isotropic solution
or sol, consisting of a small amount of an LMOG and an
organic liquid, is cooled below its characteristic gelation
temperature (7). During this process, the LMOG mol-
ecules aggregate into fibers, strands, tapes, and other
elongated objects, joined at “junction zones” to form
SAFINs that immobilize the liquid component, primarily
by surface tension and capillary forces.'»? The microhet-
erogeneous SAFINs can have a wide variety of structures
expressed from the molecular to the micrometer distance
scales. The unusual properties of organogels have led to
several interesting applications,? and they can be used as
structure-directing agents for inorganic nanoparticles.*
Because the LMOG concentration is usually very low,
there need be no specific liquid—gelator interactions that
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Chart 1. F(CF3),,COX(CH;),H Gelators

FmNHn FmOHn
m=7, X=NH,n=18 m=11,X=0,n=3
m=11,X=NH,n=3 m=11,X=0,n=18

m=11,X=NH,n=4
m=11,X=NH,n=6

Chart 2. Perfluorinated Liquids for Gelation Studies

F(CF)y O~ F
F(CF)3CFOCH)H  (F(CFa)g)sN . F + F(CFy)gF
OCF(CF3)2 s F F
HFE-7500 FC4 FoF peyr
F(CFa)6F F(CF2)CCFCFs
FC-72 s
L-18543

affect the vast majority of the liquid on a molecular scale;
the gels are not like clathrates, for instance. Models to
describe the stages of aggregation in some organogels have
been presented recently.'t?

Gels of N-alkyl perfluoroalkanamides, FmNHn (Chart
1), in perfluorinated liquids (Chart 2) are reported here,
and their properties are compared to those of gels with
two analogous esters, FmOHn, as the gelators. Gels of
these LMOGs in different organic liquids, such as hy-
drocarbons, alcohols, halogenated liquids, silicone o0il,® and
polar aprotic liquids, have been investigated previously.”
The molecular structures of these LMOGs contain “in-
compatible” segments—fluorocarbons and hydrocarbons
are immiscible below a certain temperature—and the
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cross-sectional areas of the —(CH),— and —(CFy),—
segments are 18.5 and 28.3 A2, respectively,® making their
isomorphous substitution into each other’s solid matrixes
very difficult.

Molecules of FmHn into which an ester group has been
inserted cannot undergo intermolecular H-bonding. Di-
pole—dipole forces are the strongest interactions between
their ester groups. Both intermolecular H-bonding and
dipole—dipole interactions are available between second-
ary amide groups such as the ones inserted into FmHn.?
The use of amide groups is a common strategy to enhance
the gelating ability of LMOGs.!® We find that very low
concentrations of some of the FmNHn are able to gelate
awide variety of perfluorinated liquids. Here, the gelation
temperatures and periods of stability of the gels are
correlated with data from IR, optical microscopy, X-ray
diffraction, and small-angle neutron scattering (SANS)
toidentify the factors responsible for the enhanced gelation
of the perfluorinated liquids by the amides. This informa-
tion should provide a basis for the design of other gelators
when they are needed to deliver perfluorinated liquids for
specific purposes, such as in electronics manufacturing,!!
heat transfer,'? lithography,'? lubrication,'* and even fire
retardation.!?

Typically, perfluorinated molecules have very strong
covalent bonds, very weak intermolecular interactions,
and very low surface free energies.'® As a result, they
exhibit several properties—exceptional thermal, chemical
and biological inertness, low surface tension, high fluidity,
excellent spreading characteristics, low solubility in water,
and high gas-dissolving capacities—which make them the
materials of choice for many industrial applications. Both
as a basic scientific challenge and as a potential extension
to methods employed to deliver perfluorinated molecules
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for industrial purposes, we sought to develop LMOGs
which, at relatively low concentrations, are able to gelate
thermoreversibly a wide variety of perfluorinated liquids.
Our results demonstrate that the N-alkyl perfluoroal-
kanamides in Chart 1 are more general and better gelators
of perfluoroinated liquids than any of the LMOGs reported
to date.

There are relatively few reported examples of the
gelation of perfluorinated liquids by LMOGs. Relatively
high concentrations of diblock (perfluoroalkyl)alkane
molecules (FmHn; related structurally to our FmNHn)
gelate several liquids,'”!8 including mixtures of n-per-
fluorooctane and isooctane,’ and perfluorodecaline.?®
Fluorinated surfactants and ionomers are known to gelate
a variety of liquids including functionalized perfluoroal-
kanes containing 1—20% of water.?! Hexafluorobenzene
has been gelated by 12-hydroxyoctadecanoic acid.?? Some
partially fluorinated LMOGs containing semifluorinated
aralkyl amide and glycolipid derivatives?? and a tetrakis-
trifluoromethylated stilbene and oligomers end-capped
with perfluorinated moieties or attached as pendant
groups?* are known to gelate nonfluorinated liquids. In
addition, tetra(fluoroalkoxy)silanes can form extremely
low-density materials through an uncatalyzed sol—gel
process.??

Experimental Section

Instrumentation. Polarized optical micrography (POM) of
gels was performed on a Leitz 585 SM-LUX-POL microscope
equipped with crossed polars and a Photometrics CCD camera
interfaced to a computer. IR spectra were obtained on a Perkin-
Elmer Spectrum One FT-IR spectrometer interfaced to a PC.
X-ray diffraction (XRD) of samples in thin, sealed capillaries (0.5
mm diameter; W. Miiller, Schonwalde, FRG) was performed on
a Rigaku R-AXIS image plate system with Cu Ka X-rays (4 =
1.540 56 A) generated with a Rigaku generator operating at 46
kV and 46 mA. Data processing and analyses were performed
using Materials Data JADE (version 5.0.35) XRD pattern
processing software.26 Molecular calculations of lowest energy
conformations and molecular dimensions used the semiempirical
Parametric Method 3 (PM3)27 of the HYPERCHEM package,
release 5.1 Pro for Windows from Hypercube, Inc.

Small-angle neutron diffraction measurements were obtained
on the low-angle diffractometer NG7 at the National Institute
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Table 1. Appearance® and Ty Values (in Parentheses; °C) of Gels Made from FmNHn and FmOHn Gelators in
Perfluorinated Liquids

F110H3 F7NH18 F11NH3 F11NH4 F11NH6¢ F110H18
liquid 5wt 2wt% 5wt % 2wt% bBwt% 2wt% bHwt%h 2wt% 5wt % 2wt % 5wt %
n-perfluoro- S jelly oG TG (57¢ TG (67)¢ TG (68)¢ TG (69 TG (52) TG (60) TG (41) OG (46)°
octane (38—42)bf
FC-72 S P P TG (46) TG (66)¢ TG (45)¢ TG (52 TG (54) TG (62) TG (38) OG (46)°
FC-77 S TG (62 0OG TG (47)¢ TG (59)¢ TG (48)¢ TG (59)¢ TG (59) TG (67) TG oG
(55—58)bf (38—40)ef (43—46)°"
HFE-7500 S TG (66 OG (74)° TG (82) TG (78> TG (34)¢ TG (83 TG (37) TG (51) P TG (33)
FC-43 S jelly oG TG (59)¢ TG (64)¢ TG (56)¢ TG (66)¢ TG (68) TG TG (48)¢ TG (50)
(35—40)5" (74—78)
1.-18543 S I 1 TG (39 TG (561)¢ TG (41)¢ TG (48)¢ TG (51) TG (53) P OG (44)

@ S, solution; P, precipitate; I, insoluble; TG, turbid gel; OG, opaque gel. ®~¢ Stable for (b) 2 months; (¢) >16 months; (d) 14 months; and

(e) >5 months. / Solvent separated on heating.

of Standards and Technology (NIST, Gaithersburg, MD)* at a
wavelength A =8.09 A and at 15.3, 5.0, and 1.0 m distances with
a detector lateral offset of 0.25 m for the 5.0 and 1.0 m distances.
The scattering vector range investigated was 0.0011 < |Q| <
0.33 A1 (@ = 47/A sin 0/2, where 0 is the scattering angle and
A is the wavelength of the neutrons).

SANS Sample Preparation and Data Analyses. Gel
samples with FC-43 or n-perfluorooctane as the liquid were
prepared in 2 mm path length cylindrical quartz cells. The
scattered intensity was corrected for background and para-
sitic scattering,?® placed on an absolute level using a direct
measurement of the beam flux, and circularly averaged to yield
the scattered intensity, I(Q), as a function of the wave vector,
Q.
The specific contrasts were taken to be Ab = —7.253 x 10° cm
g 1 (F11NH6/FC-43), Ab = —2.367 x 10° cm g~! (F11NH3/n-
perfluoroctane), Ab = —4.489 x 109 cm g~1 (F11NH3/FC-43), Ab
= —4.978 x 10° cm g ! (F11NH4/FC-43), and Ab = —23.717 x
10° cm g~ 1 (F7TNH18/FC-43). The densities of the gelators FTNH18
(dg=1.16+0.04 gcm3) and F11NH6 (dg = 1.61 £+ 0.02 g cm™3)
in their solid phases were determined at room temperature by
weighing a column of each compound that had been melted and
solidified to remove air spaces in a capillary tube of known
diameter. Densities of the liquids are d; = 1.9 g cm 2 for FC-43
and d; = 1.766 g cm~2 for n-perfluorooctane.30

The methodology for analyses®32 used the cross-sectional
radius of gyration R., deduced in eq 1 from the slope of low-@
linear variations of In(QI) versus @? plots, to calculate the
scattering function of cylindrical fibers (eq 2).

QI@) = QI, exp(—R,’Q*/2) (1)

For cylindrical scatterers R. = Ro/v/2.1In eq 2, M is the molecular
weight of the gelator, N is the Avogadro’s number, Ab = b, —
bidv, is the specific contrast of the aggregate with b, and b; being
the specific neutron scattering length density of the gelator and
the liquid, respectively, and v, is the specific volume of the gelator.
R is the radius of the rodlike species of concentration C (g cm™3).

7Cn MAD*[2] (QR)]?
NQ | QR

J11is the first-order Bessel function of the first kind. The number
of aggregated molecules per unit length of fibers was deduced

@) = (2)
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using the extrapolated cross-sectional intensity at low @, (QI)o
(eq 3).

(QD)
n," = 10°N— o _ 5 3)
aMpCyb, — b dp,)

S

p is the fraction of the gelator molecules involved in the
spontaneous aggregation reaction. Crystalline gel networks for
which the scattering is dominated by large-scale fluctuations
between heterogeneities in a random two-phase distribution can
be described using the Debye—Buéche model.?® The spatial
correlations of average length = are damped according to the
exponential correlation function, g(r) = exp(—r/Z), so that the
intensity I(®) is expressed in eq 4.

—3

"0 g .

Materials. Syntheses of the LMOGs have been reported
previously.” n-Perfluorooctane was purchased from PCR Incor-
porated (Gainesville, FL) and used as received. All other
perfluorinated liquids in Chart 2 were a gift from 3M Corporation,
St. Paul, MN, and were used without further purification.

Preparation of Gels and Determination of Gelation
Temperatures. Weighed amounts of a liquid and a solid were
placed in a glass tube (5 mm i.d.) that was usually flame-sealed
(to avoid evaporation). Gel samples for POM analyses were
prepared in closed Pyrex flattened capillary cells (2 mm path
length). The tubes were heated in a water bath (until all solid
dissolved) and then cooled rapidly in an ice—water mixture. This
procedure was repeated to ensure sample homogeneity. Gelation
temperatures (T) were determined by the inverse flow method.3*
A gel in a sealed glass tube was inverted, strapped to a
thermometer near the bulb, and immersed in a stirred water
bath at room temperature. The temperature of the bath was
raised slowly and the range of T, was taken from the point at
which the first part of the gel was observed to fall to the point
at which all had fallen under the influence of gravity.

Results and Discussion

Gelation Studies. Table 1 summarizes the results from
our attempts to gelate the six perfluorinated liquids in
Chart 2by 2 and 5 wt % of the LMOGs in Chart 1. Although
F11NH3, F11NH4, and F11NHG6 were able to gelate all
the liquids, their gels and those of the other LMOGs had
a turbid or opaque appearance in all cases. In several
nonfluorinated liquids, F11NH3, F11NH4, and F11NH6
form transparent gels, indicative of SAFIN networks in
which the fibers have very thin cross sections.” Although
very similarin structure to amide F11NH3, ester F110H3
was unable to gelate any of the liquids examined in Table
1. The two molecules differ only in the nature of the ester

(33) Debye, P.; Buéche, A. M. J. Appl. Phys. 1949, 20, 518—525.
(34) Eldridge, J. E.; Ferry, J. F. J. Phys. Chem. 1954, 58, 992—995.
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F— "

d

Transmittance

4000 3500 3000 2500 2000 1500
Wavenumber (cm)
Figure 1. IR spectra of neat solid F11NHS3 (a) and its 5 wt %
gels in n-perfluorooctane (b), FC-43 (¢), and HFE-7500 (d). The

contributions from the liquids have been subtracted ap-
proximately in parts b—d.

or amide group separating the perfluoroalkyl and alkyl
groups. The ability of the secondary amide group to act
as an H-bond donor and acceptor, whereas dipole—dipole
forces are the strongest interactions available between
ester groups, must be responsible in large part for the
difference between the excellent gelation by F11NHS3 and
the lack of gelation by F110H3. Extension of the alkyl
chain of F110H3 to 18 carbon atoms increases the strength
of London dispersion forces, allowing aggregates of
F110H18 to gelate some of the perfluorinated liquids.
Eventhen, the longer octadecyl chain of the ester F110H18
is insufficient to make its perfluorinated liquid gels more
stable thermally or temporally than those of the amides
F11NH3, F11NH4, and F11NHS6.

However, ester F110H18 is a more efficient gelator of
the perfluorinated liquids than amide F7NH18, whose

R O N g
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alkyl chain is also long but whose perfluoroalkyl part is
somewhat shorter. At 2 wt %, F7TNH18 was able to gelate
only FC-77 and HFE-7500, whereas F110H18 formed gels
with 4 of the 6 liquids in Chart 2. Clearly, the strength
of the interactions among neighboring perfluoroalkyl
chains of these LMOGs within their SAFINs is a very
important factor in gel stability even when the liquid
components are perfluorinated.

IR Spectral Studies. IR peaks characteristic of the
carbonyl and amino moieties appear at similar spectral
positions in neat powders of the amide LMOGs and their
gels (Figure 1, and Supporting Information Figures 1—-3);
H-bonding is similar in the two phases. For instance, in
neat solid F11NH3, F11NH4, and F11NH6 and its
n-perfluorooctane gels, vy—g = 3326 & 2 cm ™! and ve—o =
1693 4+ 2 cm~! (Supporting Information Table 2). However,
the widths of NH stretching bands depend on both the
LMOG and liquid, indicating that the distribution of
H-bonds is different in different gels.

Polarizing Optical Microscopy (POM). Unlike gels
formed in nonfluorinated liquids,” these are turbid in
appearance and birefringent, indicating a more ordered
molecular arrangement within the aggregates of the
SAFINs. Optical micrographs of gels containing 5 wt %
LMOG in n-perfluorooctane, FC-43, and HFE-7500 are
shown in Figures 2 and 3 and Supporting Information
Figures 4—6. The appearances of the SAFINs in the micron
distance range depend strongly on the gelator and, to a
lesser extent, the liquid. Since the appearance of a SAFIN
can be very dependent on the procedure for cooling the sol
phase below T%,% all of these gels were prepared by the
same cooling protocols (see Experimental Section). As
examples, amides F11NH3, F11NH4, and F11NH6 form

Figure 3. Polarizing optical micrographs (room temperature) of 5wt % F110H18 in (a) FC-43, (b) HFE-7500, and (c) n-perfluorooctane.
Black space bars are 200 um. The images were taken with a full-wave plate.
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Figure 4. X-ray diffraction patterns (room temperature) of
F7NH18: (a) powder; (b) 5 wt % gel in FC-43; (c¢) neat FC-43;
and (d) diffractogram b — diffractogram c.
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Figure 5. X-ray diffraction patterns (room temperature) of

F11NH4: (a) powder; (b) 5 wt % gel in HFE-7500; (c) neat
HFE-7500; and (d) diffractogram b — diffractogram c.

shorter aggregates than F110H18 whose bundles of fibers
are ~ 100—200 um in length. High aspect ratios of the
fibers indicate that their formation involves a very
anisotropic growth process.

F7NH18 also forms shorter aggregates (Supporting
Information Figure 4) but they are not as evenly distrib-
uted as in the case of F11NH3, F11NH4, and F11NHS6.
The poor gelating ability of FTNH18 must be related to
the aggregation and uneven distribution of its birefringent
fibers. Based on comparisons of the optical micrographs
of gels of ester F110H18 and of the amides, the shorter
aggregates of the latter, irrespective of the liquid employed,
are attributed to the additional attractive intermolecular
interactions allowed by H-bonding within the fibers. These
qualitative observations will require additional investiga-
tion to determine the link between fiber growth and the
strength of the intermolecular LMOG interactions.

X-ray Diffraction Studies. The X-ray diffraction peaks
of the assemblies of gels containing 5 wt % FmXHn in
different liquids were obtained by subtracting the “amor-
phous scatter” of the liquid components from the total gel
diffractograms (Figures 4—6 and Supporting Information
Figures 7—11),36 and they are compared with diffraction
patterns of the neat powders. Although the POM of each
of the gels provides no evidence for nonfibrillar LMOG
crystallites, they could, if present, contribute to or be totally
responsible for the observed diffractions.

Despite the weakness of some diffraction peaks from
the gels, their positions generally coincide with peaks from

(35) (a) Lescanne, M.; Grondin, P.; d’Aléo, A.; Fages, F.; Pozzo, J.-L.;
Mondain Monval, O.; Reinheimer, P.; Colin, A. Langmuir 2004, 20,
3032—3041. (b) Abdallah, D. J.; Weiss, R. G. Chem. Mater. 2000, 12,
406—413. (¢c) Huang, X.; Terech, P.; Raghavan, S. R.; Weiss, R. G.J. Am.
Chem. Soc. 2005, 127, 4336—4344.

(36) Ostuni, E.; Kamaras, P.; Weiss, R. G. Angew. Chem., Int. Ed.
Engl. 1996, 35, 1324—1326.
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Figure 6. X-ray diffraction patterns (room temperature) of
F11NHS6: (a) powder; (b) 5 wt % gel in n-perfluorooctane; (c)
neat n-perfluorooctane; and (d) diffractogram b — diffractogram

C.

Table 2. Lamellar Spacings (d) from the Lowest Angle
Peaks in X-ray Diffraction Patterns of Neat Powders of
FmXHn, Their 5 wt % Gels in n-Perfluorooctane, and

Calculated Extended Molecular Lengths

d @A)
LMOG extended molecular length A) powder gel
F7NH18 36.5 56.4 56.8
F11NH3 23.9 21.4 21.4
F11NH4 25.2 22.6 22.3
F11NH6 27.7 24.8 25.1
F110H18 42.7 67.6 65.1

the neat powders; the molecular packing arrangements
of the gel assemblies and the bulk crystals are the same.3¢
However, diffraction peaks in the high-angle region from
aggregates of F110H18 in gelated HFE-7500 and from
the neat powder have different positions in 26 (Supporting
Information Figure 11). In fact, it is more common for
LMOGs in gel assemblies and their neat solids to pack
differently.36:37 Diffractograms of all of the LMOGs as
neat powders and in gels possess a low-angle peak (and,
in some cases, higher order diffractions of it) that is
consistent with lamellar organizations within the SAFIN
fibers. Lamellar packing has been proposed for gelator
networks of the diblock molecule, heptadecafluorotetra-
cosane (F8H16), as well.'®2 The layer thicknesses in the
fibers of our gel phases (d) have been calculated from the
low-angle peaks using Bragg’s law (Table 2), and they are
the same as in the neat solid phase of the gelator even for
F110H18 (where the intralayer packing arrangement in
the gel and neat solid phases differs)!

The d values depend primarily on the lengths of the
alkyl and perfluoroalkyl chains of these LMOGs, and they
need not correspond to an extended molecular length when
the length of the alkyl chain portion is very long.” Thus,
the experimental d values of FTNH18 and F110H18 are
about 50% longer than the calculated molecular lengths
in the most extended conformations,?® and the layers must
be interdigitated.” When the alkyl chains are shorter, as
in F11NH3, F11NH4, and F11NHG6, the d values are
consistently only slightly smaller than the calculated

(37) (a)Lin, Y.-C. Ph.D. Thesis, Georgetown University, Washington,
DC, 1987. (b) Lin, Y.-C.; Kachar, B.; Weiss, R. G. J. Am. Chem. Soc.
1989, 111,5542—5551.(¢c) Lin, Y.-C.; Weiss, R. G. Macromolecules 1987,
20, 414—417. (d) Mukkamala, R.; Weiss, R. G. Chem. Commun. 1995,
375—376. (e) Mukkamala, R.; Weiss, R. G. Langmuir 1996, 12, 1474—
1482. (f) Lu, L.; Weiss, R. G. Langmuir 1995, 11,3630—3632. (g) Furman,
I.; Weiss, R. G. Langmuir 1993, 9, 2084—2088.

(38) Calculated by Hyperchem (version 5.1) molecular modeling
system at the PM3 level, adding the van der Waals radii of the terminal
atoms. Lange’s Handbook of Chemistry, 13th ed.; Dean, A. J., Ed.;
McGraw-Hill: New York, 1985; Sect. 3, pp 121—126.
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Table 3. Neutron Scattering Features of Gels Consisting of FmNHn in Perfluorinated Liquids at Different

Concentrations®
LMOG liquid wt % (C, g cm™3) category peak (A1) @A) R.(A) Ro (&)
F11NH3 FC-43 1(0.019) I 0.290 21.7 137 194
F11NH4 FC-43 1(0.019) I 0.278 22.6 115 162
F11NH6 FC-43 2(0.038) I 0.249 25.2 144.5 204
F7NH18 FC-43 1(0.019) II 0.109, 0.213 57.6, 29.5
F11NH3 n-perfluorooctane 1(0.017) I 0.285 22.05

@ The categories of scattering are described in the text. Bragg peak positions and corresponding real-space distances are indicated, along
with cross-sectional radii of gyration R, and the deduced geometrical radii Ry for a cylindrical morphology.

extended molecular lengths and molecules within a layer
must be oriented (nearly) normal to their layer planes.”

Small-Angle Neutron Scattering (SANS) Studies.
The SANS technique uses the Fourier transform of large
scale neutron scattering length density fluctuations3? in
a system. SANS has been demonstrated to be able to
characterize the structures of nanoparticles in a dispersing
medium, and, in particular, SAFINs in molecular gels.?°

Most networks that form the solid component of LMOG
gels are comprised of rigid fiberlike species interconnected
where fibers merge or bundle.! Analyses of SANS data
are based on the assumption that scattering is due mainly
to the form-factor contribution of fibrillar species at the
low LMOG concentrations used. Increasing its concentra-
tion enhances the volume proportion of nodal zones and,
as aresult, the intensity of Bragg peak(s) arising from the
molecular ordering in the fibers and bundles of more
crystal-like networks. The N-alkyl perfluoroalkanamides
investigated here exhibit two types of scattering patterns
that depend on the nature of the LMOG and the perflu-
orinated liquid (Table 3).

Category I scattering is typical of gels with SAFINs in
which the form-factor scattering of the individual fiberlike
components can be distinguished. Under this condition,
a linear part in a In(QI) versus @° plot enables the
extraction of a radius of gyration R, value for the cross
section of the fibers (eqs 1 and 2). The value is comparable
to that obtained from a fit of a calculated scattering
function using eqs 1 and 2 in the largest experimental @
range. The modeling under such single-particle conditions
usually excludes the innermost part of the scattering curve,
where extra scattering from the nodal zones of the SAFIN
as well as the large-@ domain whose Bragg peaks can
characterize its crystallinity. Equation 3 is also used to
take advantage of calibrated intensities and estimate the
typical aggregation number of the sections of fibers and
the prefactor of eq 2 expressed in absolute units.

Category II scattering for the FmNHn is characterized
by a low-@Q @ * decay followed by Bragg diffraction peak-
(s). This scattering is masked by the signals from large
aggregates in both the low and large-@ regions. The low-@
part of the scattering signal can be attributed to large-
scale fluctuations in a random two-phase distribution as
described by the Debye—Buéche model (eq 4).33 Such
heterogeneities are the nodal zones of the SAFIN in which
fibers merge. They ensure the connectivity over an
infinitely large length scale and participate to viscoelastic
behaviors typical of strong gels with significant yield stress
values. At large angles, Bragg peak(s) reveal the peri-
odicities of diffracting planes existing in the bundles or
nodal zones of the SAFIN.

The organogel of F11NH6 (as well as those of F11NH3
and F11NH4) in FC-43 is representative of category I
scatterers. A radius of gyration R, = 144.5 A for the cross
section of fibrillar species can be extracted from a plot

(39) Terech, P.; Volino, F.; Ramasseul, R. J. Physique 1985,46, 895—
903.
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Figure 7. Determination of the cross-sectional radius of
gyration R, for a F11NH6/FC-43 organogel (2 wt %; C = 0.038

gcem3). The low-@ upturn is due to the contribution from nodal
zones of the crystal-like SAFIN.
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Figure 8. Experimental (O) cross-sectional intensity versus
@ curve for a F11NH6/FC-43 organogel (2 wt %; C = 0.038 g
cm?). The full line is a calculated form-factor scattering function
for cylinders with Ry =200 A. The arrow points to a Bragg peak
at @ = 0.249 AL

In(QI) versus @ (Figure 7). For a cylindrical symmetry
of the aggregates, it corresponds to Ry = 204.3 A. This
value can be compared with the theoretical scattering
form-factor function using expression 2 and shown in
Figure 8. The scattering calculated for Ry =200 A describes
well the experimental profile, including the first form-
factor oscillation, indicating that the F11NHG6 fibers
exhibit rather monodisperse sections. The R value is also
similar to that extracted from R, and provides additional
support for the cylindrical cross-section hypothesis. De-
viations of the fit at very low @ values in Figure 7 are
assumed to be due to the extra scattering from nodal zones
of the SAFIN. An intense Bragg peak at @ = 0.249 A~!
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Figure9. Experimental (O) scattering intensity versus @ curve
for a FTINH18/FC-43 organogel (1 wt %; C = 0.019 g cm™3). The

straight line is a fit according to eq 3, from which the average
distance between nodes, 1400 A, can be deduced.

(ld0O= 25.2 A) confirms the crystallinity of the network.
Diffracting planes involve periodicities corresponding to
extended molecular distances (Table 3) consistent with
head-to-tail molecular arrangements. The extrapolated
value, (QI)o, is used to deduce n; ~ 71 molecules A~1, the
number of aggregated molecules per unit length of ﬁber
Depending on the mechanism of molecular stacking in
the fibers, the axial repeat unit d,, along the fiber axis
can be either a side-by-side short distance (of the order
ofca.4.5 A) or, asindicated by the X-ray diffraction results,
proportional to the extended molecular length. The case
of molecules whose long axes are parallel to the fiber axis
would not lead to fibers with rather monodisperse sections.
Assuming the long axes of the molecules are radially
distributed within the fibers, about 320 molecules would
compose the basic sectional unit. Figure 8 presents the
theoretical scattering in absolute units using the prefactor
defined in eq 2 with the calculated value Ab and the
estimated value of nz. Considering the different sources
of imprecision [N.B., experimental density values, pres-
ence of a fraction of molecules existing in a solubilized
“monomeric” state in the gel phase, uncertainty in
estimates using calibrated intensities, complexity of the
structural composition of bundles of fibers constituting
the SAFINSs, and the balance between amplification and
compensation of these uncertainties (eq 2)], we consider
the agreement to be satisfactory.

Agelof 1wt %(0.019 gem—3) FTNH18 in FC-43 exhibits
features typical of a category II scatterer (Figure 9). A
clear @ *intensity decay is present while Bragg peaks at
Q = 0.109 ([dO= 57.6 A) and 0.213 A-! (dO= 29.5 A)
confirm the crystalline nature of the SAFIN. Analysis of
the low-@ part according to a random two-phase distribu-
tion (eq 4) gives a mean correlation distance (=) between
the nodal heterogeneities of about 1400 A. From AQ =
0.0175 A1 (the width at half- helght of the Bragg peak at
Q = 0.109 A1), the average size of the diffracting
crystallites is about 2400 A .4 Interfacial scattering of such
large aggregates accounts for the @ *intensity decay noted

George et al.

above. The ratio of [d[spacings of the two Bragg peaks,
1:1.95 (=1:2), suggests parallel stacking of the fibers in
lamellar-like bundles. The shorter and longer spacings
appearrelated to the single and double extended molecular
length of F7TNH18, 36.5 A, and indicate a tail-to-tail
packing mode with either conformational bending or, as
suggested above, some interdigitation. A major structural
distinction between F11NH3, F11NH4, and F11NH6 (that
pack in head-to-tail fashions within their SAFINs) and
F7NH18 is the lengths of the alkyl chains. Based on the
(admittedly limited) data in hand, it appears that tail-
to-tail packing requires the longer alkyl chains.

Conclusions

Thermally and temporally stable organogels can be
prepared from a wide variety of perfluorinated liquids
and small concentrations of N-alkyl perfluoroalkanamide
LMOGs. The dependence of the structural features of the
SAFINs at several length scales on their constituent
LMOG molecules and the specific perfluorinated liquid
has been explored. Surprising nuances in the SAFIN
structures are manifested in the gel stabilities. The
robustness of the gels depends on several structural factors
of the LMOGs, including the lengths of the alkyl and
perfluoroalkyl chains and the ability of the secondary
amide group to enter into intermolecular H-bonding
arrangements. The latter is apparent from studies con-
ducted with esters analogous to the amides and from
information in the literature employing diblock perfluo-
roalkylalkanes (i.e., molecules such as our FmXHn but
lacking the X group that separates the perfluoroalkyl and
alkyl molecular segments).'”~20 The incompatibility of the
alkyl and perfluoroalkyl units produces supramolecular
aggregates that are stabilized further by H-bonding among
amide groups and, to a lesser extent, by dipolar interac-
tions among carbonyl groups.

The packing of LMOGs in their neat solid phases and
SAFINs appear to be the same in most of the cases
explored. The distance d that defines the layer thicknesses
depends acutely on the length of the alkyl chain of the
FmXHn. Both X-ray scattering and SANS measurements
demonstrate that d changes from being near an extended
molecular length in the LMOGs with shorter alkyl chains
to about 1.5 times the length when a longer (octadecyl)
chain is present. Where comparisons are possible, the d
values obtained from the X-ray and SANS methods are
in good agreement. Empirically, when the lamellar
thickness of a SAFIN corresponds to about 1.5 times the
extended molecular length, as for F110H18 and F7TNH18,
the gels are less stable than when d is near the extended
molecular length.

The SANS measurements reveal head-to-tail packing
within lamellae of F11NHn/FC-43 gels when n < 7, and
tail-to-tail packing in F7TNH18/FC-43 and F11NH3/n-
perfluorooctane gels. The cross-sectional dimensions of
the F11NHn and F7NH18 fibrils in the perfluorinated
liquids are very small (in the nanometer range) and depend
on the length of the alkyl chain. It is interesting to note
that the cross sections of the fibers from one LMOG are
much narrower in gels of perfluorinated liquids than in
nonfluorinated liquids.” Although we have not investigated
the origin of these differences here, they may derive from
factors associated with the kinetics of the gelation
process®*4l or the energetics of surface interactions
between fibrils and the liquid.® It is a point of interest

(40) Guinier, A. X-ray Diffraction in Crystals, Imperfect Crystals,
and Amorphous Bodies; Lorrain, P., Lorrain, D. S.-M., translators; W.
H. Freeman: San Francisco, 1963.

(41) (a) Terech, P. J. Colloid Interface Sci. 1985, 107, 244—255. (b)
Liu, X. Y.; Sawant, P. D. Adv. Mater. 2002, 14, 421—426. (c) Liu, X. Y.;
Sawant, P. D. Appl. Phys. Lett. 2001, 19, 3518—3520.
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here and one that merits additional attention in order to
understand better the SAFINs of many other LMOG gels.

Because these LMOGs are able to gelate a wide variety
of fluorinated liquids, including those with additional
functional groups, their gels may be useful delivery agents
ofhighly fluorinated reagents for several applications.!1~1?
In addition, they may be a useful vehicle to transport
molecular oxygen for synthetic and physiological pur-
poses.*? From a fundamental standpoint, these gels
present an additional scientific challenge to those inter-
ested in how self-assembly leads to objects with very high
aspect ratios and low dispersion cross sections. To date,
most studies of this sort have focused on hydrophobic/

(42) (a) Riess, J. G. Artif. Cells, Blood Substitutes, Biotechnol. 2005,
33,47—63. (b) Ju, L. K,; Lee, J. F.; Armiger, W. B. Biotechnol. Bioeng.
1991, 37, 505—511. (¢) Pozzi, G.; Montanari, F.; Rispens, M. T. Synth.
Commun. 1997,27,447—-452. (d) Betzemeier, B.; Knochel, P. In Modern
Solventsin Organic Synthesis; Knochel, P., Ed.; Springer: Berlin, 1999;
Vol. 206, pp 61—78. (e) Constantino, M. L. Int. J. Artif. Organs 1996,
19, 284—290.

Langmuir, Vol. 21, No. 22, 2005 9977

hydrophilic and lipophobic/lipophilic interactions;f ad-
ditional ones operate here.
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