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Gelation of Fully Acylated Cellobiose in Alkane Solution
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Cellobiose octa(decanoate), a discotic columnar mesogen, was found to form in hexadecane solution
various molecular assemblies such as a lyotropic liquid crystal of discotic columnar type, multimolecular
micelles, and a thermoreversible gel, depending on the concentration and temperature. The gelation, observed
even at very low concentrations, say, <0.01 weight fraction of the mesogenic compound, is believed to proceed
by local coagulation of long threadlike micelles into micro-liquid-crystallites, which work as cross-linking points
combining the threadlike micelles. This will be a new type of gel that could be termed a “liquid crystalline

gel.”

The derivatization of carbohydrates has provided
a vast source of thermotropic mesogens.'— Those
derivatives with one or a few alkyl substituents have
an amphiphilic character with hydrogen-bonding abil-
ity and form, in most cases, layered, columnar, or cubic
phases.

Fully substituted inositols® and cellooligosaccha-
rides,>~® which apparently lack the hydrogen-bonding
ability, are also known to function as discotic columnar
mesogens. Molecular shape or configuration as well as
specific intermolecular interactions must play a key role
in the structuring of these systems. For example, cel-
lobiose octaalkanoate (CBn) is a flat molecule consist-
ing of a rather hydrophilic cellobiose core surrounded
by hydrophobic alkyl chains. Presumably because of
this characteristic molecular structure, it forms, when
the carbon number n of the acyl group is appropri-
ate (7<n<14), a thermotropic discotic columnar lig-
uid crystal (LC), in which columns formed by a regular
stacking of cellobiose moieties are packed into a two-di-
mensional hexagonal or rectangular lattice®>® (Fig. 1).
The fact that fully alkylated cellobiose shows no liquid
crystallinity® indicates that the carbonyl groups in the
acyl derivatives also stabilize the columnar structure. It
is also noted that CBn has two types of stereoisomers,
i.e., the o~ and [-anomers, with respect to the sub-
stituent configuration at the C1 carbon of the reducing
end unit (cf. Fig. 1). It has been found that the a-
anomer forms a more stable LC phase than the equiva-
lent S-anomer.'®

While CBn is easily soluble and molecularly dispersed
in common solvents like tetrahydrofuran and chloro-
form, it has been found to form, in selective-type sol-
vents like alkanes, various molecular assemblies such as
a lyotropic LC, multimolecular micelles, and a ther-
moreversible gel, depending on the concentration and
temperature. This seems to be general, rather than ex-
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ceptional, behavior of this type of mesogenic molecules
in this type of solvents, and reminds us the function of
certain amphiphilic compounds like 1,3 : 2,4-p,p/-ditolu-
ylidene sorbitol, which is known to be a powerful (non-
mesogenic) agent to gel solutions by itself forming long
threadlike micelles.!V This work is the first to report
details of such behavior observed for cellobiose octa-
(decanoate) (CB10) dissolved in hexadecane (HD). The
CB10 studied here is a nearly pure a-type compound.

Experimental

Sample Preparation. Commercially obtained de-
canoic acid and trifluoroacetic anhydride (TFAA) were used
without further purification. 3-Cellobiose (Nacalai Tesque,
Japan) was vacuum dried before use. CB10 was synthe-
sized by esterification of S-cellobiose according to the TFAA
method!®: a mixture of decanoic acid (100 g, 0.581 mol; 8
mol. amt. to hydroxyl groups of cellobiose) and TFAA (31
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mL, 0.218 mol; 3 mol. amt. to the hydroxyl groups) was
activated at 100 °C for 30 min, to which cellobiose (5 g;
1.47x10™2 mol) was added and the reaction was allowed to
proceed at 100 °C for about 6 h. After it had cooled, the
mixture was poured into a 20-fold excess of methanol. The
precipitate was filtered off and further purified by reprecip-
itation with a chloroform (solvent)/methanol (nonsolvent)
system several times. The entire absence of hydroxyl-related
absorption in its infrared (IR) spectrum confirmed that the
sample was a fully acylated derivative. The o/ anomeric
ratio of CB10 was 97/3 by proton NMR.1®

Tube-Inverting Test. The sol-gel transition temper-
ature of the CB10/HD system was identified by the tube-
inverting method. CB10 was mixed with HD in a sealed
glass tube with a diameter of 8 mm, and the mixture was
heated to about 100 °C to ensure a homogeneous solution.
The solution was quenched to a predetermined temperature,
kept at that temperature for a predetermined time, and then
tested by inverting: The sealed sample tube was placed up-
side down in the water bath. If the solution flowed, it was
defined as a sol, and if it did not, it was defined as a gel.

Thermal Analysis. Differential scanning calorimetry
(DSC) was done on a Rigaku Denki DSC-8230, Japan, to
obtain information on phase transitions. Before measure-
ment, the sample in a sample pan was heated to about 120
°C to make a homogeneous solution. All measurements were
made at a constant cooling rate of 10 °C min™*.

Optical Microscopy. LC textures were observed by
polarized optical microscopy (Optiphoto-Pol, Nikon, Japan)
with a hot stage (FP-82 with central processor FP-80,
Mettler, Switzerland).

X-Ray Diffraction. X-Ray diffraction patterns were
recorded with a flat-plate camera using a Rigaku Denki X-
ray generator Ru-3H, Japan, with graphite-filtered Cu Ko
radiation (1.542 A). The film to specimen distance was mea-
sured by the calibration with silicon powder: A mixture of
a sample solution and silicon powder sealed in a capillary
with a diameter of 0.5 mm was heated to 120 °C to ensure
homogeneous mixing, cooled down to the measurement tem-
perature (50 °C or 55 °C), and kept at that temperature for
30 min before the measurement was started.

Infrared Measurement. A time-resolved infrared
(IR) analysis was done with a JASCO FT/IR-8800, Japan,
with a Mettler hot stage. The sample was placed between a
stretched and folded Teflon® sheet in the hot stage.

Light Scattering.  Dilute CB10 solutions were mea-
sured by static light scattering with a DLS-7000, Otsuka
Electronics, Japan. The optical source was a He—Ne laser
(wavelength A\g=632.8 nm). The refractive index increment
(dn/dc) was measured with a differential refractive spec-
trometer DRM 1030, Otsuka Electronics, Japan.

Results and Discussion

Sol-Gel Diagram. The gelation time ¢, i.e., the
time for the solution to gel after being quenched from a
high temperature was found to depend on both concen-
tration and temperature. Figure 2 shows the T vs. i5
plots for several values of wy, where T is the tempera-
ture, and w; is the weight fraction of CB10. Each curve
seems to level off at large values of ¢;, which indicates
that each solution has a critical temperature of gela-
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Fig. 2. Relations between temperature 7 and gelation
time ¢z for various values of w;. The temperature
figure attached to each curve is an approximate value
of Ty.

tion, T, above which the system never gels. Clearly t,
is a function of the “super cooling depth” AT=T,—T":
when AT is large, the system gels very quickly, while
gelation takes a long time when AT is small. We also
note that the system with w; =0.85 shows very small
t; even for small AT, and in this regard, it is different
from other systems (with w;<0.8). This implies that
the structure of highly concentrated systems is differ-
ent from that of the systems with a lower concentration
(w1<0.8). This in fact is the case, as will be shown
later. The values of T, approximately estimated with
the data in Fig. 2 are plotted against w; in Fig. 3. As
wy decreases from unity, T, decreases sharply at first
and then gradually for w; <0.8.

Transition Temperatures by DSC.  Figure 4
shows the DSC thermograms of CB10/HD mixtures. In
the bulk, CB10, which is a nearly pure a-type anomer,
forms a hexagonal ordered columnar phase, Dy, in dis-
cotics at temperatures between the crystallization tem-
perature T¢; of 47.4 °C and the isotropic-anisotropic
transition temperature T;, of 103.8 °C, and unlike its
homologues with shorter acyl chains, it undergoes no
mesomorphic transition.!® As Fig. 4 shows, an exother-
mic peak assignable to the Tj, of the mixture system is
detectable at concentrations down to about 0.87, while
a peak corresponding to T¢; is observable for all ex-
amined mixtures. The crystallization temperature of
HD, T.2, appears as the lowermost-temperature peak.
These transition temperatures are also illustrated in
Fig. 3. The T, temperatures observed for high-w; mix-
tures can be identified with the gelation temperatures
Ty, which indicates that in this concentration regime,
the system becomes immobilized by liquid crystalliza-
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Fig. 4. DSC thermograms of CB10/HD mixtures.

tion rather than by gelation.

Optical Microscopic Textures. Polarized op-
tical microscopic observations were made at points a
through d indicated in Fig. 3, the micrographs being
presented in Fig. 5. At point a is observed a fan-shaped
texture characteristic of discotic columnar phases. A
similar texture composed of smaller domains is observed
at point b, which implies that system b is a homoge-
neous mesophase rather than a gel phase. System c is
birefringent but shows no clear texture. It is very differ-
ent from system d, which has a sharp-edged crystalline
texture. This indicates that system ¢ involves minute
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liquid crystalline phases.

X-Ray Diffraction. According to our previ-
ous work,'® the X-ray diffractogram of oriented pure
CB10 was characterized by three equatorial reflections
with spacings (djpo, di10, and dagg) being in the ratio
1:1/4/3:1/2 and one meridional reflection with a spac-
ing (dgo1) of 5.4 A, which led to the mesophase structure
in Fig. 1. In the (unoriented) mixture systems at 50 °C
studied here, the 100 reflection ring could be observed
at concentrations down to about 0.5, below which it was
too weak to permit quantitative analysis. The 001 re-
flection ring could be detected at w; >0.8, giving a con-
stant dgo1 value of 5.4 A independent of w;. Although
other reflections were generally too weak to give a defi-
nite answer, the above observations along with the pho-
tomicroscopic textures (Fig. 5) suggest that the mixture
systems also form a discotic columnar phase with the
axial periodicity (dgo1) unchanged by the addition of
HD.

Figure 6 shows the value of digp as a function of w;.
As w; decreases from unity, djgo increases at first and
becomes constant for w;<0.7. This indicates that at
wy>0.7, the solvent HD “swells” the columnar structure
only in the lateral direction. This would happen when
HD is mixed with the alkyl moieties but does not get
into the columnar cores of the cellobiose moieties. The
dotted line in Fig. 6 was calculated by the relationship

1

val—wr\2
=(1+— 1
d10o(w1) ( +'v1 o ) d1oo(1) (1)

which is based on the assumption that HD contributes
only to the lateral expansion of the system. Here v
and vo are the specific volumes of CB10 and HD, respec-
tively, and djgo(1) is the value of d;gg for the pure CB10.
The experimental data for w;>0.7 are well represented
by this relation. The constancy of djgo for w; <0.7 indi-
cates that in this region the LC phase can accommodate
no more HD and the system becomes biphasic with a
HD-saturated LC phase and an isotropic phase with low
wy.
FT-IR Analysis. It was observed that the car-
bonyl absorption band of pure CB10 at around 1750
cm~! significantly shifts before and after the mesomor-
phic transition. This is seen in Fig. 7a, which shows
the temperature dependence of the mean wavenumber
7, defined as the wavenumber at the center-of-mass po-
sition of the carbonyl absorption band. The isotropic-
anisotropic transition accompanies a sharp decrease of
v of about 6 cm™?, indicating that the columnar struc-
turing is significantly stabilized by an energetic interac-
tion, perhaps of dipole—dipole type, among the carbon-
yl groups.!? Thus the carbonyl band can be used as a
measure for the structuring of the system.

Figure 7b shows the time dependence of 7 for the sys-
tem with w; =0.42 at 59 °C. The solution was heated
to 110 °C to ensure homogeneous mixing, quenched to
59 °C (a few degree above the gelation threshold; see
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Fig. 3), and IR analyzed. The ¥ at time zero is close
to the value shown by the bulk isotropic phase, while
the T observed after a long time (¢=10 h) is similar to
the value for the bulk LC phase. This strongly indi-
cates that as time elapses, the molecules come together
forming a special type of cluster, probably a rodlike or
threadlike micelle, that causes the shift of the IR band.

Light Scattering. Figure 8 shows the plot
of (Kc/Rp)'/? vs. sin? (9/2) for a dilute solution (c=
3.45x107* gmL~1) of CB10 at 25 °C, just above the
sol-gel transition temperature Ty of this solution. Here
K is the optical constant, and Ry is the reduced excess
scattering intensity at scattering angle . The figure
gives an apparent molecular weight of about 2.8x10°
and an apparent root-mean-square radius of gyration of
about 2300 A. This radius is anomalously large for the

d

Fig. 5. Polarized optical micrographs of the CB10/HD mixtures observed at points a through d in Fig. 3.

molecular weight, and it suggests that the molecules
are clustering into a highly asymmetric assembly: if
we assume, for example, that CB10 molecules regularly
stack face to face to form a rigid rodlike micelle of the
observed molecular weight, we estimate its radius of gy-
ration to be about 3000 A, a value rather close to the
one observed. This result is consistent with what was
suggested by the IR analysis above.

Conclusion

Figure 9 illustrates the phase diagram and the state of
molecular dispersion of the CB10/HD system deduced
from these analyses. In region “LC” the system is of
single phase——a discotic hexagonal columnar phase with
the hexagonal lattice size increasing with the increasing
HD fraction. The isotropization temperature T; (22 Ty;)
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Fig. 8. Plot of (Kc/Rg)/? vs. sin? (8/2) for a dilute
w CB10/HD solution (c=3.45x10"% gmL~}, T=25
Fig. 6. The X-ray dioo spacing as a function of CB10 °C).
concentration wi. The dotted line was calculated by ' y T T
Eq. 1 (see text). 100
(molecular dispersion)
decreases from 105 °C at w;=1.0 to 60 °C at w;=0.75.
In the two regions “LC gel” and “C gel”, the system
shows the appearance of gel: The LC gel includes a lig-
uid crystalline phase, while the C gel has a crystalline
phase. The gelati_on ir% this system should have a close 50 i (micellization) B LC
relevance to the discotic columnar phase formed in con- = - N UPLED U
centrated solutions and the bulk. Namely, it is pre- . 'LC_ gel.-- Taeo
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tion temperature, in which CB10 molecules stack face Rl C gel solid
to face forming long threadlike micelles. The gelation i CB10 i
proceeds below the critical temperature by local coag- ~ F 777 ;c;l-i:{I:I_D_ ---------- - ]
ulation of the micelles into micro-liquid-crystallites (or 0 e S| NI
micro-crystallites at lower temperatures), which work 0.0 0.2 0.4 0.6 0.8 1.0
as cross-linking points that combine the long thread- w

like micelles (Fig. 10). This is a slow process requiring

hours. Fig. 9. Phase diagram of the CB10/HD system (see text).
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Fig. 7. The mean wavenumber 7 of the carbonyl absorption band: (a) as a function of temperature for pure CB10,
and (b) as a function of time for a CB10/HD mixture (w;=0.42, T=59 °C).
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Fig. 10. Schematic representation of the micellization
and gelation of the CB10/HD system.
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