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Thermoreversible Gelation of Aqueous Methylcellulose Solutions
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ABSTRACT: The thermoreversible gelation of methylcellulose in aqueous solution has been studied by
static and dynamic light scattering (DLS), small-angle neutron scattering (SANS), and rheology. At 20
°C, dilute solution light scattering establishes the molecular weight, second virial coefficient, radius of
gyration, and hydrodynamic radius of the polymer. Semidilute solutions exhibit two relaxation modes in
DLS, one reflecting cooperative diffusion and the other attributable to pregel clusters. Rheological
measurements in this regime also suggest a weak supermolecular association. The gelation of semidilute
solutions proceeds in two stages with increasing temperature above 20 °C, consistent with previous reports.
The first stage is attributable to clustering of chains, driven by hydrophobic association, and extends up
to approximately 50 °C. This process is accompanied by an increase in the low-frequency dynamic elastic
modulus, G', and an increase in both light and neutron scattered intensity. The DLS properties of these
solutions, and the angular dependence of the scattered intensity, is not greatly affected by this association.
The second stage of gelation occurs rather abruptly above ca. 50 °C and is attributed to phase separation
accompanied by gelation. The elastic modulus increases rapidly with temperature, the samples become
visibly turbid, and the scattered intensity increases markedly over a wide range of scattering wavevector,
g. In contrast, dilute solutions do not gel but give clear evidence of aggregation in the high-temperature
regime, consistent with crossing a phase boundary. The SANS structure factor S(q) in the gel state is
well described by a sum of two terms, corresponding to two power-law regimes. The lower g regime follows
S(q) ~ g2 in both the pregel and gel states, consistent with chains intermediate between good and ©®
solvent conditions. At higher g the exponent evolves from ca. —2.5 to —4 upon gelation. The latter exponent
indicates a sharp boundary between the gel structure and the intervening fluid, consistent with liquid—
liquid phase separation that is arrested by gelation.

Introduction

Methylcellulose (MC)—a water-soluble polymer used
as a binder or thickener in pharmaceutical, food, and
ceramic processing applications—is known to undergo
thermoreversible gelation in aqueous solution upon
heating.!7'4 Cellulose, the raw material of MC, is
hydrophilic, but cellulose fibers contain crystalline
ordered regions formed by intra- and intermolecular
hydrogen bonds; consequently, cellulose does not dis-
solve in water. The crystalline fraction depends on the
source of cellulose, but when a certain number of the
hydroxyl groups are substituted by methoxyl groups,
some hydrogen bonds are broken and MC becomes
water-soluble. This modification is expressed as the
degree of substitution (DS), defined as the number of
methoxyl groups divided by the number of glucose units;
the structure of cellulose is shown in Figure 1. If the
DS is too low, sufficient hydrogen bonds remain that
this MC is still insoluble, whereas MC with a high DS
is hydrophobic and is also insoluble. Hence, the com-
mercial products usually have an intermediate DS, ca.
1.7-2.0. At low temperatures, water molecules are
presumed to form “cagelike” structures to surround the
hydrophobic methoxyl groups, causing the MC to be-
come water-soluble.”12 Upon heating, these structures
distort and break to expose the hydrophobic regions,
inducing the formation of aggregates. Thus, the gelation
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Figure 1. Structure of methylcellulose. R = CHj; or H.

is a manifestation of the hydrophobic effect, and coso-
lutes that are readily soluble in water, such as strong
electrolytes, depress the gel temperature.2 Commercial
MC is produced by a reaction in which cellulose is
exposed to aqueous sodium hydroxide and methyl
chloride under mechanical mixing, with the methylation
occurring more rapidly in NaOH-rich and/or higher
temperature regions. Consequently, it is assumed that
the distribution of methyl groups is inhomogeneous
along each chain and from chain to chain. MC prepared
in a more homogeneous manner, i.e., the reaction
carried out in solution, was reported not to undergo
gelation for the same average DS.® Kato et al. concluded
that the crystallites of trimethylglucose units, the most
hydrophobic repeat units, act as “cross-linking loci” on
heating.*

Although the gelation of MC has been studied exten-
sively, a variety of different mechanistic steps have been
invoked.*7-911.13.14 Qverall, the experimental evidence
favors a two-stage process, in which heating in the lower
temperature regime increases interchain clustering due
to hydrophobic association, and the actual gelation at
higher temperature competes with liquid—liquid phase
separation. This interpretation is well-supported by the
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theoretical treatment of Tanaka and co-workers.1516
However, the gel formation process has not been ex-
plored heretofore in detail by scattering techniques.
Consequently, in this paper we examine both the
network formation process and the gel structure using
light and small-angle neutron scattering, supplemented
by rheology and dynamic light scattering.

Experimental Section

Materials. The methylcellulose (MC) used in this work was
Metolose SM-4000 from Shinetsu Chemical Co., Ltd.; it was
dried overnight under vacuum at 60 °C and then cooled in a
desiccator before use.’” The manufacturer’s specifications
indicate that the viscosity of a 2 wt % solution was 4.54 Pa s
at 20 °C and that the methoxyl content and assay of dry MC
were 29.6% and 99.8%, respectively. The DS was measured
by the manufacturer to be 1.79, and the density was calculated
to be 1.39 g/mL following a literature relation.'® Spectropho-
tometric grade H,O from EM Science was used as received.
The MC solutions were prepared by dispersing the polymer
into hot water to avoid coagulation. The solutions were then
cooled below 5 °C to dissolve MC for at least 1 day prior to
use and were stored in a refrigerator.

Rheology. Oscillatory shear measurements of aqueous MC
solutions were carried out in a Rheometrics Fluids spectrom-
eter (RFS II) in the cone and plate geometry (cone angle =
0.04 rad, radius = 25 mm). To inhibit dehydration of the
solutions, a small amount of low-viscosity silicone oil was
placed on the periphery of the solutions. The dynamic storage
and loss moduli, G' and G", were examined as functions of
temperature from 20 to 80 °C with a strain amplitude, y, of
5%, a frequency, w, of 1 rad/s, and a heating rate of 0.5 °C/
min. Isothermal frequency sweeps (w = 0.1—100 rad/s) on a
solution with ¢ = 0.01 g/mL were performed at 10 deg intervals
between 20 and 70 °C.

Small-Angle Neutron Scattering. The SANS measure-
ments were carried out at the National Institute of Standards
and Technology CNRF, on the Exxon/University of Minnesota/
NIST 30 m instrument (NG7). Deuterium oxide (D0, 99.996
atom % D) from Aldrich was selected as the solvent to provide
scattering contrast. The quartz scattering cells had a diameter
of 25 mm and a path length of 2 mm. The neutron wavelength
was 6 A with AA/A = 0.10, and sample-to-detector distances of
15, 4, and 2.5 m were employed, to extend the accessible g
range from approximately 0.003 to 0.25 A-1. Intensities were
corrected for background scattering, detector response, solvent,
and cell scattering and placed on an absolute scale via
calibration with silica standards (B2 for the 15 m and A5 for
the 4 and 2.5 m settings).

Dynamic Light Scattering. An argon ion laser (Lexel
model 175, A, = 4880 A) was employed with a Malvern
spectrometer (PCS100) as the goniometer and scattering
apparatus, coupled with a 380-channel multisample time
autocorrelator (BI-2030AT) from Brookhaven Instruments.
The solutions were filtered through 0.45 um Millipore filters
(c = 0.0025 g/mL) or 1.2 um filters (c = 0.005 g/mL) directly
into dust-free scattering cells and sealed. Two sizes of scat-
tering cells, 10 mm o.d. and 5 mm o.d., were selected,
depending upon concentration and temperature. The time
autocorrelation function of the scattered intensity, g@(q,t),
obtained from each measurement was analyzed by the inverse
Laplace transform program CONTIN.® Correlation functions
were obtained at 20 and 75 °C for scattering angles, 6, from
30° to 150° in 20° increments and at temperatures from 25 to
70 °C in 5 deg increments, for § = 50° and 90°.

Results

The presentation of the results is organized as follows.
First, we present light scattering characterization of
very dilute MC solutions at low temperature (20 °C),
which serves as a reference for the ensuing evolution
of structure. The growth of the gel with increasing
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Figure 2. Zimm plot for methylcellulose solutions at 20.0 °C.

temperature and concentration, as monitored by rhe-
ology, light, and neutron scattering, is then described.
Finally, dynamic light scattering measurements over
the same range of concentration and temperature are
presented.

Characterization of Methylcellulose in Dilute
Solution. The radius of gyration (Rg), second virial
coefficient (Az), and weight-average molecular weight
of MC in dilute solution were determined by standard
(Zimm) analysis. The scattering intensity from solutions
is expressed as

Kc _ 1
Ry(a.c) M,P(q)

where K = 4x(dn/dc)2n?/4.¢*Na with n, 1o, dn/dc, and Na
being the refractive index of the solvent, the vacuum
wavelength of the incident beam, the refractive index
increment, and Avogadro’'s number, respectively. Ry is
the Rayleigh ratio, and Rg(25 °C) = 35.4 x 107 and
39.6 x 1076 cm~! for benzene and toluene, respectively,
were employed to calibrate the instrument;?° q is the
standard scattering vector given by (4zn/1o) sin(6/2), and
P(q) is the form factor of the chain. The refractive index
increment of MC in water was measured using a
homemade interferometric differential refractometer
with a HeNe laser (1o = 6328 A) source. The value of
dn/dc at room temperature was 0.137 4+ 0.004 mL/g, in
good agreement with the value of 0.136 mL/g reported
in the literature.?! This value was used for our SLS
experiments without accounting for the difference in Ao,
although the estimated change in dn/dc would be about
4%. The scattering intensities from four solutions with
concentrations of 0.000 21, 0.000 30, 0.000 50, and
0.000 59 g/mL were measured at 20 °C, and the result-
ing Zimm plot is shown in Figure 2. The values of the
z-average Ry, Az, and My, obtained from this plot were
637 A, 8.34 x 10~* mol mL/g?, and 3.8 x 105 g/mol,
respectively. The overlap concentration, c*, was then
estimated as c* ~ (A;M,)~! = 0.003 g/mL. Given this
value of My, these results for Ry and A, are consistent
with expectation for dilute solutions of flexible or
semiflexible chains in a good solvent.

The Development of Methylcellulose Gels. (a)
Rheology. The dynamic moduli were measured during
isochronal temperature sweeps from 20 to 80 °C for
concentrations from 0.0010 to 0.030 g/mL. The mea-
surement conditions, @ = 1 rad/s and y = 0.05, were
selected to be as low as possible to avoid destroying the
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Figure 3. Variation of the dynamic storage modulus G’ as a
function of temperature at a frequency o = 0.1rad/s and a
strain amplitude y = 5%.

aggregates but high enough to obtain accurate results.
The heating rate was 0.5 °C/min in all cases. The results
for G' for seven concentrations are shown in Figure 3.
In all cases G’ is a monotonically increasing function of
temperature, but the increase proceeds in two stages,
in agreement with previous reports.®1! The first stage
extends from 20 °C with G’ increasing slowly up to about
55 °C. For the five lower concentrations, G' is roughly
independent of ¢ in this range, whereas for the two
higher concentrations, 0.02 and 0.03 g/mL, the modulus
is significantly larger even at 20 °C. This may be
attributed to the onset of entanglements at these higher
concentrations, which correspond to c/c* values of 7—10.
In the second stage, G' increases rapidly with temper-
ature before achieving a near plateau above 65—70 °C.
This corresponds to the formation of a strong gel; i.e.,
the samples no longer flow. Furthermore, these samples
became noticeably turbid over the same temperature
range. For the two lowest concentrations, with c/c* <
1, gelation does not occur, but for all the semidilute
concentrations the gelation is distinct, and the gel
modulus increases strongly with concentration. In fact,
G' at 70 °C scales as G’ ~ ¢23 for ¢ = 0.0050—0.030 g/mL
(not shown), in good agreement with the plateau modu-
lus in concentrated polymer solutions and with expecta-
tion for gels swollen in a good solvent.?2 We removed
the cone of the rheometer just after the measurements
(at ca. 80 °C) and confirmed that gelation had occurred
for ¢ = 0.005 g/mL and that the solutions with ¢ < 0.001
g/mL remained fluid. For ¢ = 0.0025 g/mL, very close
to the overlap concentration, a small portion of gel-like
solid in solution was observed.

Frequency sweeps were carried out to further exam-
ine the structure of MC in aqueous solutions. The ¢ =
0.01 g/mL solution was examined from 20 to 70 °C at
10 deg intervals. Figure 4 shows the dynamic moduli
at 20 °C under three conditions: as loaded, immediately
after manual shearing (i.e., rotation of the fixture), and
15 min after the cessation of shearing. For typical
polymer solutions, G' and G" exhibit a low-frequency
terminal response: G' ~ w? and G" ~ w!. For this
solution G' and G" showed apparent exponents of ca.
1.3 and 0.9 immediately after perturbation, which
correspond approximately to terminal behavior. The
deviations from the expected slopes may be attributed,
at least in part, to polydispersity; similar observations
have been reported for i-carrageenan and guar solu-
tions.2324 Under the first and last conditions, both
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Figure 5. Frequency dependence of G' for ¢ = 0.01 g/mL at
the indicated temperatures.

moduli were almost flat in the low-frequency regime,
suggesting that at equilibrium there is a supermolecular
structure maintained by weak reversible association.
This corresponds to the regime termed the “clear gel”
by other workers.? These results suggest, inter alia, that
it may be rather difficult to obtain modulus data in the
linear viscoelastic limit for these very soft materials. On
heating the plateau in G' became wider, and with a
significantly enhanced magnitude, as shown in Figure
5. Between 50 and 60 °C, in particular, the modulus
increases by an order of magnitude. Above 60 °C G' was
flat over the entire accessible frequency, as expected in
the gel state.

(b) Light and Neutron Scattering. Whereas the
Zimm analysis is appropriate in the dilute regime when
gRg < 1, the light scattering intensity in semidilute
solutions can be approximated by two relations:

Kc 1 1., 2
~ 1+Zg9°R
Rﬁ(q) Mapp 3 g.app

qRy <1 (2a)
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Kc

~ 1+ g°&
Ry(a) o

at>1 (2b)

where Rgapp and & represent the apparent radius of
gyration and the screening length (or blob size), respec-
tively. Equation 2a reduces to Kc/Rg(0) =~ Mapp t at q =
0, where Mgpp is the apparent molecular weight; eq 2b
is the Ornstein—Zernike equation. We examined the
solution with ¢ = 0.0050 g/mL for temperatures between
20 and 50 °C, i.e., approaching but not achieving the
rapid increase in G'. The data are plotted according to
eqs 2a and 2b in Figure 6, and two distinct linear
regimes are resolved for each temperature. The three
parameters thus obtained, Mapp, Rg,app, @and &, are listed
in Table 1; the crossover between the two regimes occurs
near g& ~ 1. The variation in Mgy is consistent with
the growth of clusters of increasing mass as the gel point
is approached; the rate of increase is much greater at
the higher temperatures. This is consistent with the
model of Tanaka and Ishida.’® In contrast, Rgapp Only
increased slightly at 30 and 40 °C and even decreased
at 50 °C. This may possibly be understood as reflecting
coil shrinkage due to a decrease in effective solvent
quality with increasing temperature, as the polymer—
polymer interaction becomes more attractive. Conse-
quently, although the number of chains in an average
cluster clearly increases, the average dimension varies
rather little. (Of course, significantly larger aggregates
may scatter at smaller values of g than the instrument
can access. It should also be emphasized that a scat-
tering measurement will not provide direct insight into
the breadth of the distribution of clusters; recent cryo-
TEM measurements on this system indicate a very
broad range of associated structures in the pregel
regime.?%) This interpretation is consistent with the
results of Kato et al., who measured the osmotic
pressure at various temperatures and concluded that
water becomes a @ solvent for their MC at 47 °C.* The
screening length is independent of temperature within
the uncertainty, except for a slight increase at 50 °C.
Extensive light scattering measurements at higher
temperatures were precluded by multiple scattering.

The structure of the MC solutions and gels was
studied using SANS. Typical scattering curves are
shown in Figures 7 and 8 for solutions with ¢ = 0.011
and 0.019 g/mL, respectively, at various temperatures
from 40 to 70 °C; similar behavior was observed for
other gel-forming concentrations. The intensity grows
markedly upon gelation and particularly at lower g. The
strongest increase occurs over the temperature range
where G" also increases the most strongly, i.e., during
the second stage of the gelation process. At relatively
low q (below ca. 0.01 A~1) the data follow a power law,
with a slope of approximately —1.8, in both low- and
high-temperature regimes. Thus, the aspect of the
solution structure that gives rise to this power law is
unperturbed by the gelation process. This slope implies
a self-similar structure with fractal dimension A ~ 1.8
or, equivalently, a size vs molecular weight exponent v
= 5/9. This is intermediate between the values of /, and
3/5 associated with Gaussian and excluded-volume chains.
Then there is a high-q region with stronger slope that
evolves from ca. —2.5 at low temperatures, i.e., prior to
gelation, to ca. —4 in the gel state at 70 °C. (The data
beyond ca. 0.1 A~ should not be considered, because
the magnitude of the coherent intensity is 0.01 cm~! or
below and thus smaller than the inevitable uncertainty
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Table 1. Fits of Eq 2 to Light Scattering Data for ¢c =

0.005 g/mL
T (°C) Rg,app (A) Mapp x 1073 &R
20.0 1480 384 382
30.0 1620 494 357
40.0 1670 627 356
50.0 1350 1520 455
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Figure 7. Neutron scattering curves for ¢ = 0.011 g/mL at
the indicated temperatures.

in the incoherent background subtraction.) The former
exponent implies a more condensed structure than a
Gaussian chain, and the latter is the familiar Porod
scaling for a two-phase system with sharp interfaces.

The structure of the gels (on the length scales probed
by SANS) formed at different concentrations is inde-
pendent of concentration, as shown in Figure 9; here
the data at 70 °C are plotted as l/c, with excellent
superposition obtained. This result is rather remark-
able, as the data extend over almost 2 orders of
magnitude in g, more than 4 orders of magnitude in I/c,
and over a full order of magnitude in concentration. The
smooth curve represents a fit to the data for ¢ = 0.05
g/mL, as will be discussed below.

Several workers have considered the structure factor
of polymer gels.?226-28 The first important issue is to
compare the intensity from the gel to that from the
semidilute solution from which it was prepared. The
reduction in chain mobility implied by gelation should
suppress thermal concentration fluctuations, and thus
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Figure 9. Neutron scattering intensities normalized by
concentration for the indicated concentrations, at T = 70.0 °C.
The smooth curve is a fit to the data for c = 0.05 g/mL solution
as described in the text and also shown in Figure 10.

the gel intensity should be, if anything, lower than that
from the solution, if the gelation process only fixed the
instantaneous structure of the solution.??2 However, it
is almost universally the case that the scattering from
gels is larger than from the equivalent solution, but
primarily in the low g regime.?? The reasons for this
remain incompletely understood but almost certainly
involve heterogeneity in the spatial distribution of cross-
links. A revealing aspect of the data in Figures 7 and 8
is that the intensity increases markedly upon gelation
across the accessible g range, with the shape of the
curve unchanged in the lower g regime. This can be
taken as strong evidence of a phase separation process,
which is restricted in space by the concomitant gelation.
Thus, it is the effective contrast factor, reflecting the
difference in local concentration between polymer-rich
and polymer-lean regions, that gives rise to the in-
creased intensity and not a gross change in the structure
itself. Phase separation is also indicated by the develop-
ing opacity of the gels at high temperature; such opacity
is not a routine feature of swollen gels, even if the cross-
link distribution is heterogeneous.

The structure of the gels can be placed on a more
guantitative basis. Bastide et al. proposed that the gel
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scattering function could be expressed as

a
1+ 9(@)0%E’
where a; is a constant and &g is the correlation length

of the gel, i.e., the blob size between junctions.?® The
function g(q) is given by

I(a) = @)

1
1 + (qggel)27A

where A is the fractal dimension of the so-called “frozen
blob” for géger > 1. Subsequently, Coviello et al. intro-
duced a cutoff factor [1 + g(q)qre/+/2] exp(—g2r:2/2) into
the Bastide equation to avoid incompatibility between
this equation and the experimental results at high ¢.2728
a r
- (1 + g(q)q—;) exp

Thus, the scattering function becomes
(_qzrcz) (5)
1+ g(@)0%Ee’ V2 2

where r. is the radius of the cross-linking regions.
Coviello et al. applied this equation to the scattering
profiles from polysaccharide gels rather successfully.?’
However, eq 5 will not reproduce our data because it
does not asymptotically approach the Porod regime (I
~ g4 clearly apparent in the data. Accordingly, we
added a Debye—Bueche term of the form?°

9(q) = (4)

I,(q) =

a,

1,(q) = m (6)

to eq 5 and used that to fit the data. However, there
are more parameters in the combined equations than
are really necessary to describe the features in the data.
For example, the “Coviello—Bastide” part has an am-
plitude, a correlation length, the exponent A, and the
cutoff length scale r¢, whereas the Debye—Bueche term
adds a second amplitude and length scale. Therefore,
we fixed the exponent A to be —1.8, as implied by the
data in the higher q regime, and we forced the cutoff
length scale and the Debye—Bueche length to be the
same, thus reducing the overall fit to two length scales
and two amplitudes.

The resulting fit to one set of data in shown in Figure
10, along with the two individual contributions. The fit
is satisfactory. The two length scales thus obtained are
a correlation length of ca. 1200 A and a shorter range
structural feature of approximately 54 A. The former
length scale is rather imprecise, as it is essentially
determined by the first departure of the theoretical
curve from its g = 0 plateau, and as can be seen in
Figure 10, this break does not lie within the range of
the actual data. Nevertheless, it is clear that there must
be inhomogeneity in the gel structure on length scales
comparable to the wavelength of light, or the samples
would not become turbid. In contrast, the shorter length
scale is very robust, as it corresponds to a clear break
in the q dependence of the intensity. It presumably
corresponds to the typical thickness of the locally phase-
separated structure.

(c) Dynamic Light Scattering. Dynamic light scat-
tering (DLS) was used to confirm the existence of
clusters at lower temperatures and to observe the
transition from solution to gel upon heating. DLS
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Figure 11. Concentration dependence of the distribution of
decay rates at T = 20 °C and the associated correlation lengths.

reflects the polymer size and/or correlation length
through the dynamics of spontaneous concentration
fluctuations. The Laplace inversion routine CONTIN
converts the measured intensity autocorrelation func-
tion into a distribution of decay rates, G(I').?° In cases
where a single relaxation mode is observed, or is well-
resolved from multiple modes, a mean decay rate T is
extracted. For diffusive processes, I' = Dg?, and D is
related to the hydrodynamic radius in dilute solution,
Rp, or the correlation length in semidilute solution, &,

by

D= kT kT
67nsRy, 671758

()

where k and 75 are the Boltzmann constant and solvent
viscosity, respectively.

The distribution of decay rates at 20 °C for ¢ =
0.00020—0.020 g/mL are shown in Figure 11 in the
equal area format (I'G(I') vs T'). For dilute solutions, ¢
< 0.0025 g/mL, only one mode was observed and was
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attributed to chain diffusion. The resulting values of the
hydrodynamic radius (380 &+ 10 A) were independent
of concentration for ¢ = 0.0002—0.001 g/mL, and thus
Ry¢/Rn ~ 1.7. This value is consistent with results on
(possibly polydisperse) flexible polymers in solution.30
In the semidilute regime, two modes were resolved. The
faster one corresponds to the standard cooperative
diffusion process, with the corresponding diffusivity
increasing with concentration. The diffusive character
of the (dilute) translational and (semidilute) cooperative
modes is established by the proportionality of T to g2,
as illustrated in Figure 12a. The slower mode that
emerges in semidilute solutions is attributed to clusters,
as suggested by light scattering and rheology. For this
mode, T was approximately proportional to g3 (shown
in Figure 12b), which is indicative of internal modes of
a flexible structure with typical dimension larger than

-1

The I'G(T") for solutions with ¢ = 0.0005 and 0.005
g/mL upon heating from 20 to 75 °C are shown in
Figures 13 and 14, respectively. In this case the
horizontal axis I" was normalized by the solvent viscosity
at each temperature, to aid in comparison. For the dilute
solution, 0.0005 g/mL, the single mode is essentially
constant from 20 to 50 °C (with R, ~ 380 A) and then
slows rather abruptly from 55 to 60 °C. This suggests
that the isolated MC chains begin to aggregate near 55
°C, consistent with the onset of phase separation, but
the concentration is too low to form a gel. Above 60 °C
the mean I" was also roughly constant, scaled linearly
with g2, and gave a hydrodynamic radius of ca. 3400 A
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Figure 13. Temperature dependence of the distribution of
decay rates for a nongelling solution with ¢ = 0.0005 g/mL.
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Figure 14. Temperature dependence of the distribution of
decay rates for a gelling solution with ¢ = 0.005 g/mL and the
associated correlation lengths.

at 75 °C. The solution with ¢ = 0.001 g/mL (data not
shown) gave equivalent results. For the solution with ¢
= 0.005 g/mL, which formed a strong gel at high
temperature, the decay rate distributions were more
complicated as illustrated in Figure 14. The two modes
evident at 20 °C persist up to 45 °C, but beyond that
the slow mode dominates the scattering intensity and
moves to much lower frequencies. This “extra-slow”
mode was observed in the 0.0025 g/mL solution and all
solutions in the semidilute concentration regime in the
gel state.

Discussion

As noted in the Introduction, there have been several
proposals for the gelation mechanism in aqueous MC
solutions. Most acknowledge a two-stage process, as
exemplified by the rheological signatures in Figure 3,
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but differ in the identity of the two stages. For example,
Hague and Morris suggest that at low temperatures
residual crystallinity causes the chains to be dispersed
in bundles, which gradually disintegrate (stage 1) before
hydrophobic association leads to gelation (stage I1).”
Others have emphasized the role of phase separation,
especially with reference to stage Il, and have mapped
out an LCST phase diagram for MC/water.%10 Crystal-
linity plays a role, as indicated by two distinct peaks in
DSC measurements.*71114 Finally, Kato et al. have
proposed that stage | is driven by aggregation of the
most hydrophobic domains, presumably those glucose
residues that are trisubstituted, whereas stage Il re-
flects association of less hydrophobic groups (di- and
monosubstituted).# These various possible mechanisms
are not all mutually exclusive, of course. We interpret
our results as indicating that stage | is caused by
hydrophobic association, leading to a broad distribution
of aggregate shapes and sizes, and that stage Il is
gelation intermingled with phase separation. The basis
for this interpretation is detailed below.

The Zimm plot in Figure 2 is strong evidence for the
existence of molecularly dissolved chains at low tem-
perature, in very dilute solution. Similarly, this conclu-
sion is supported by the dynamic light scattering results
in the dilute regime. Although we cannot exclude the
possibility of some small quantity of crystalline ag-
gregates, as envisioned by Haque and Morris,” they
certainly cannot be a significant component. For sem-
idilute solutions at low temperature, there is some
intermolecular association, as evidenced by the shear-
dependent rheological properties (Figure 4) and the slow
mode in the dynamic light scattering spectrum. Previous
workers have taken the fact that G' > G" at low
frequency in this regime as evidence of a “weak gel”
state.® Phenomenologically, our rheology results are
quite consistent with theirs, but whether the use of the
term “gel” is appropriate will depend on its definition.

All of our results are consistent with the first stage
of gelation corresponding to the growth of clusters or
aggregates in semidilute solution. The light scattering
at low q clearly indicates an increase in the average
cluster molecular weight, whereas the neutron scatter-
ing suggests that there are no particular changes in
structure at an intermediate length scale (where the
fractal dimension is about 1.8). The elastic modulus
increases steadily, indicative of an increase in the
density of cross-linking sites. The dynamic light scat-
tering properties do not change much in this regime,
as the average mesh size is dependent on concentration
but not temperature.

Similarly, the data are all consistent with the second
stage of gelation corresponding to liquid—liquid phase
separation that is arrested in space by the associations
among chains. The sharp increase in modulus indicates
a similar increase in the cross-link density, but if this
were solely due to hydrophobic association, there is no
mechanism for the development of turbidity. For ex-
ample, if the first stage were viewed as a semidilute
solution with a certain temperature-dependent degree
of interchain association and the second stage an
enhancement of the number of associations due to the
hydrophobic effect, then the resulting gel should be
roughly as homogeneous as the precursor solution. The
turbidity, on the other hand, is clear evidence of
concentration inhomogeneities on the length scale of the
wavelength of light, which are simply not present during
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the first stage. Phase separation provides a natural
mechanism for the growth of such inhomogeneities. The
SANS results also support this interpretation, in two
ways. First, the strong increase in intensity with tem-
perature is not consistent with an increased cross-
linking of an otherwise homogeneous semidilute solu-
tion; in such a scenario the intensity should be constant
or even decrease. Second, the emergence of a clear Porod
regime at high q suggests the formation of two phases
with relatively sharp interfaces; conversely, such a
Porod regime is not observed in other gelation processes.
As noted before, this overall picture is quite consistent
with the theoretical description of network formation
by hydrophobic association developed by Tanaka and
co-workers.1516

Summary

The thermoreversible gelation of a commercial me-
thylcellulose sample in water was examined using a
combination of rheology, light scattering, SANS, and
DLS. Solutions with concentrations exceeding the coil
overlap condition (c* ~ 0.003 g/mL) formed gels upon
heating, whereas dilute solutions did not. The gelation
proceeded in two stages, as noted by previous workers.
The first stage was attributed to hydrophobic associa-
tion leading to cluster formation, whereas the second
stage corresponded to phase separation accompanied by
gelation; the crossover temperature between the two
stages depended on concentration but was in the vicinity
of 50 °C. Very dilute solutions showed no evidence of
hydrophobic association but did exhibit aggregation
above 50 °C.

At the lowest temperature examined, 20 °C, static and
dynamic light scattering from dilute solutions indicated
that the weight-average molecular weight was 3.8 x 10°
g/mol and that the radius of gyration and hydrodynamic
radius were 637 and 380 A, respectively. Semidilute
solutions at the same temperature showed evidence of
a weak supermolecular association, or clustering, in the
dynamic shear moduli and in light scattering. As the
temperature was increased, this clustering was signifi-
cantly enhanced, as evidenced by growth of the elastic
modulus and the scattered intensity (both light and
SANS). However, the overall structure of the solutions
did not change much over the interval 20-50 °C, as
suggested by the relative invariance of the apparent
cluster size, the static and dynamic correlation lengths,
and the shape of the SANS structure factor.

Above ca. 50 °C, the elastic modulus increased sharply,
the samples became turbid and solidlike, and the SANS
intensity increased further. In the high g regime, the
SANS structure factor developed a significant regime
of Porod’'s law behavior, indicative of strong local
segregation of polymer-rich and polymer-lean regions.
These observations are all consistent with phase sepa-
ration accompanied by gelation. The SANS structure
factor in the gel state was independent of concentration
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and could be well described by a sum of two terms. The
first, which was designed to fit the lower g data, was
adapted from that proposed by Coviello et al.?’” and
Bastide et al.,?s and the second was of the Debye—
Bueche form,?® which recovers the Porod scaling at high
g. The domain length scale associated with the Debye—
Bueche term was approximately 50 A.
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