:rni
A4

Heoo®06

http://pubs.acs.org/journal/acsodf

Elongated Rodlike Particle Formation of Methyl Cellulose in
Aqueous Solution
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ABSTRACT: The conformation and structure of methyl cellulose
(MC) ether samples dissolved in pure water under dilute
conditions were carefully reconsidered based on the results
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obtained using small-to-wide-angle neutron scattering (S-WANS), - Veze Cd\sso\“es

static light scattering (SLS), dynamic light scattering (DLS), and = M awates —
viscometric techniques. The examined MC samples possessed an MC forms
average degree of substitution by methyl groups per glucose unit of Methyl Cellulose rodlike

ca 1.8 and weight average molar masses (M,,), ranging from 23 to isr:rw;tg:

790 kg mol~'. S-WANS experiments clearly demonstrated that the
samples possess highly elongated rigid rodlike local structures in
deuterium oxide solutions with weak periodicities of ca 0.4 and 1.0
nm on a length scale, which correspond to the average intermolecular distance between molecular chain portions facing each other in
the formed rodlike structure and the repeating length of the monomeric cellobiose unit of molecular chains, respectively. Ratios of
the particle length (L) to the radius of gyration (R,) determined by SLS techniques approximately showed the relationship LRg_1 =

OR RO
0 R
AN /%/O\M
O
RO OR (@)
OR n

R=Hor CH, hydrogen bond

V12 holding in rigid rods over the entire M, range examined in this study. However, the folding number, defined as the ratio of the
average molecular contour length (1) to L, remained at the value of IL7'~2, representing an elongated one-folded hairpin structure,
until M,, ~ 300 kg mol™" and increased substantially up to ca 4.9 at the highest M,, of 790 kg mol™". The observed increase in the
IL™" value corresponded well with an increase in the diameter of the formed rod with increasing M,, observed in the S-WANS data.
The M,, dependencies of the translational diffusion coefficient determined via DLS measurements and that of the intrinsic viscosity
detected via viscometric techniques also distinctly demonstrated that particles formed by the MC samples dissolved in aqueous
solution behave as elongated rigid rods irrespective of M,

reers.”® Methyl cellulose (MC), hydroxypropyl cellulose

(HpC), hydroxypropyl methyl cellulose (HpMC), hydrox-
yethyl cellulose (HeC), and sodium carboxymethyl cellulose
(NaCMC) ethers are typical water-soluble chemically modified
cellulose derivatives, that have been widely distributed in many
industries, such as those of food,” construction,® and
pharmaceutical.”"’

Many macromolecular scientists hypothesize that most
water-soluble chemically modified cellulose derivative samples
have semi-flexible chain-like conformations and structures in
aqueous solution and show random coil-like behavior in a
sufficiently high molar mass region, similar to many ordinary
synthetic polymer samples dissolved in organic solvents.'" The
literature in this field suggests that the idea of the semi-flexible
or random coil-like conformation for chemically modified

Bl INTRODUCTION

Many kinds of plants constantly generate cellulose throughout
the year. Thus, cellulose is the most abundant and steadily
suppliable natural organic “biomass” resource worldwide.'
However, native cellulose is generally insoluble in most
common solvents including water. The reason for this
insolubility is the highly developed inter- and intramolecular
hydrogen bonds between hydroxy groups and also between
hydroxy and ether groups belonging to cellulose molecular
chains. Rigid stable crystalline structures called “cellulose-I,
and I5” are formed by cellulose molecules in a quite efficient
way in native plant cell walls, which are responsible for the
insolubility in common solvents.'™* Although cellulose is a
quite eco-friendly biomass and offers great potential as a
natural resource to develop a sustainable society, its insolubility
in common solvents represents an essential reason for its
inapplicability to wide chemical applications in the native state.
Many chemically modified cellulose derivatives which are
readily soluble in various solvents have been synthesized from
natural cellulose to remedy its fatal insolubility.” Many kinds of
water-soluble chemically modified cellulose derivatives have
been synthesized and supplied by several chemical manufacu-
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cellulose samples are simply based on the widely observed
weight average molar mass (M,,) dependencies of the radius of
gyration (Rg) determined by the use of static light scattering
(SLS) measurements and of the intrinsic viscosity ([#]), such
as R, & M, and [1] o M,” with exponents of @ ~ 0.6 and f§ ~
0.8, respectively, which are slightly dependent on chemically
modified conditions for tested samples. However, if one
examines the previously reported data'>~'* of M,, depend-
encies on Rg or (1] examined over a wide M, range very
carefully, some data cannot be described by the fashion of a
simple power law with only one exponent, such as a ~ 0.6 or
~ 0.8 over a wide M, range. It is therefore possible that the
idea of semi-flexible chain or random coil-like conformation is
only prejudice to the water-soluble chemically modified
cellulose samples.

Very recently, Arai et al."> clearly demonstrated that some
water-soluble MC and HpMC ether samples, which are widely
used in many industrially manufactured products, have rigid
rodlike structures formed by a one-folded hairpin-like
conformation of highly extended cellulose chains in M,, ranges
below 100 kg mol™". They carried out small-to-wide-angle
neutron scattering (S—WAN S) measurements to determine the
local structure of the formed particles in aqueous (deuterium
oxide; D,0) solution."> This striking report was the first
evidence to reconsider the conformation and structure of
water-soluble chemically modified cellulose samples in aqueous
solutions. Bodvik et al."® captured evidence of the rigid rodlike
structures of MC and HpMC with M, lower than 200 kg
mol™" using small-angle X-ray scattering (SAXS) techniques in
a low-temperature range. However, they evaluated the
persistence length of 5.8 nm for both the MC and HpMC
samples from their SAXS data, which meant that the molecules
are semi-flexible polymer chains like the widely accepted view
in cellulose derivatives.'® Although Lodge et al.'* also observed
rigid rodlike behavior in an aqueous solution of an HpMC
sample with the M,, of 370 kg mol™" using SANS techniques,
they mainly paid attention to the gelation mechanism of the
solution. It well known that aqueous solutions of MC samples
form stable gels at temperatures higher than, for example, 40
°C due to intermolecular interactions that provoke the
aggregation formation of individual MC molecules into
bundles having a fibril structure. The gelation mechanism is
described in detail in recent reviews.'”""

Nevertheless, the investigated M,, range in previous studies
was limited to a relatively lower range to reach the general
conclusion showing the M,, dependence of conformation and
structure for the MC and HpMC samples in aqueous solutions.
Thus, we decided to extend the M, range covered by
experiments to lead to clear results proposing the general
characteristics of the M, dependence of conformation and
structure for the same MC samples in aqueous solutions. In
this study, we employ SLS techniques to precisely determine
the weight average molar masses, M,,, and the radii of gyration,
Ry, of the MC samples simultaneously, of which scattering
vectors (q) cover a much lower range than the S-WANS
techniques to provide structural information on a size scale
exceeding approximately 20 nm. Thus, the conformation and
structure of the MC samples are exactly determined over a
wide size scale, ranging from sub-to several hundred nanome-
ters using total curve analysis procedures for the obtained
scattering functions using both the S-WANS and SLS
experiments. In this study, we reached a surprising conclusion
that MC molecules possibly have a rigid rodlike conformation

and structure, not semi-flexible polymer chain structure, in
aqueous solution over the wide M,, range examined. Then, we
will report newly obtained results and conclusions below.

According to a previous report, the temperature depend-
encies of the hydration numbers and cloud points of MC and
HpMC samples possessing similar degrees of substitution
(DS) of hydroxy groups by methyl groups, ca 1.8—1.9, are
substantially different.”” Thus, it is possible that a small
amount of additional substitution by hydroxypropyl groups
only at the molar substitution number of MS ~ 0.25 effectively
contributes to changes in the conformation and structure of
HpMC samples in aqueous solutions. In the following
research, the conformation and structure of the HpMC
samples will be discussed over a wide size scale range using
similar total curve analysis procedures to the obtained
scattering functions using both the S-WANS and SLS
experiments used in this study.

Because many kinds of MC and HpMC samples, possessing
similar chemically modified conditions to the samples
investigated in this study, have been supplied by several
chemical manufactures for wide practical applications, under-
standing the true conformation and structure of the samples in
aqueous solution without prejudice would be helpful to reach
breakthrough ideas improving processing procedures to
effectively introduce solutions to the most desired flow and/
or rheological conditions including processing temperatures.

B EXPERIMENTAL SECTION

Materials. All MC ether samples were kindly supplied by
Shin-Etsu Chemical Co., Ltd. (Tokyo). The MC samples have
a constant degree of substitution (DS) of hydroxy groups per
repeating f3(1,4) glucopyranose unit by methoxy (M) groups
of DS = 1.8, which means the average molar mass of M, =
0.187 kg mol™" for the repeating glucopyranose unit. The
weight average molar masses (M,) determined by SLS
measurements in this study were M, = 23, 54, 115, 206,
270, 420, and 790 kg mol™". The MC samples were coded as
eg MC(1.8:23) with numerical values indicating DS and M,,/
(kg mol™), respectively. All the MC samples were used for
experiments without any purification procedures. The
distributions of molar masses were not exceptionally sharp
but rather broad as the polydispersity indices defined by ratios
of M,, to the number average molar masses (M,), M, M,
were determined using size exclusion chromatographic
techniques and reported to range from approximately 2.0 to
M,, ~ 300 kg mol™" and increased slightly with M, values for
the MC samples. Highly deionized water obtained by using a
Direct-Q UV3 (Merck Milli-Q, Darmstadt) was used as a
solvent to prepare sample solutions for SLS, DLS, and
viscometric measurements. Deuterium oxide (D,0)
(>99.9%) was purchased from Euroisotop (Saint-Aubin) and
was used as a solvent to prepare sample solution for S-WANS
experiments.

The concentrations (c) of MC samples dissolved in D,O for
S-WANS measurements were set at close to the measured
[#]7" values or lower than the values in aqueous solution,
which are widely accepted as so-called overlapping concen-
trations for macromolecules in solution. The ¢ values in the S-
WANS measurements were 1.0 X 107> g mL™' for
MC(1.8:23), 1.1 X 1073, 2.1 X 1073, and 5.0 X 107°> g mL™"
for MC(1.8:270), and 5.0 X 10™* and 1.0 X 107 g mL™" for
MC(1.8:790). The c values of MC samples in pure aqueous
solutions for SLS, DLS, and viscometric measurements ranged
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Figure 1. Dependencies of the concentration reduced excess scattering intensities, AI(q)c™", on the scattering vector, g, for D,O solutions of
MC(1.8:23) at c = 1.0 X 107> g mL™" (a), MC(1.8:270) at ¢ = 2.1 X 10> and 5.0 X 107> g mL™" (b), and MC(1.8:790) at ¢ = 5.0 X 10™* g mL™"
(c) in the S-WANS experiments at 25 °C. Solid and broken lines indicate the fit theoretical form factors, P(q) calculated using SasView,” for rods

and rectangular columns with the size parameters shown in each figure on the scale of nanometer.

from 3 X 10™* to 6 X 107> g mL™' depending on the sample
M,, values.

Methods. S-WANS measurements were carried out at
Materials and Life Science Experimental Facility (MLF) in
Japan Proton Accelerator Research Complex, J-PARC, (Tokai)
using a small-angle neutron scattering instrument (TAIKAN )20
installed on a beamline BL1S. The magnitude of the scattering
vector (gq) covered by the S-WANS experiments ranged from
7.0 X 107 to 1.0 X 10> nm™". Square-type quartz cuvettes with
a neutron beam path length of 4.0 mm or banjo-type quartz
cuvettes with a path of 2.0 mm were used as sample cells. The
standard exposure time was 2 h for each sample solution. S-
WANS measurements were carried out at 25 °C. The obtained
scattering data were converted to absolute values using the
standard material “glassy carbon” for which absolute scattering
values had been precisely determined.

SLS and DLS measurements were carried out using a
modified DLS7000 (Otsuka Electronics Co. Ltd., Osaka). A
continuous-wave solid-state single-frequency laser at a wave-
length of 4 = 488.0 nm, Sapphire SF488-100 (Coherent, Inc.,
Santa Clara), was equipped with the modified DLS7000 and
was used as a light source for SLS and DLS measurements. A
photomultiplier, R9880U-01 (Hamamatsu Photonics K. K.,
Hamamatsu), was used as a scattered light intensity detector.
An LSI correlator (LS Instrument AG, Fribourg) was used to
record fluctuations in scattered light intensity as a function of
time and to create an autocorrelation function of the scattered
light intensity. A Pyrex glass tube with an inner diameter and
thickness of 19.0 and 0.5 mm, respectively, was used as a
measuring cell. The measuring temperature was set at 25.0 °C,
and the scattering angle (0) was altered from 30 to 150° every
10° step. The magnitude of the scattering vectors, which is
given by the equation q = Igl= (47n/4)lsin(6/2)l, where n is
the refractive index of water, ranged from 8.86 X 107> to 3.31
X 1072 nm™ for both the SLS and DLS measurements.
Toluene was used as the standard liquid material for scattered
light intensities at each € in the SLS measurements. The
refractive index increment (dn/dc) of the MC samples was
determined to be 0.134 mL g™ using an Abbemat MW

28851

multiwavelengths refractometer (Anton Paar, Graz) at
wavelength of 4 = 486 nm. Because the value of dn/dc
0.133 mL g_l was also obtained at A = 589 nm™!, the
dependence of dn/dc was quite weak.

The intrinsic viscosities, [7], for each MC and HpMC
sample in aqueous solution were determined at 25.0 °C using
an Ubbelohde-type capillary viscometer.

N o

B RESULTS AND DISCUSSION

S-WANS Behaviors for MC Samples. An excess value in
the scattering intensity of a solution sample [I(q)] with respect
to that of the solvent [I(q)] and a small q independent
incoherent component (I.;) was normalized by the
concentration, ¢, to obtain the characteristic scattering
intensity, AI(q)C_l = (I(‘I) - Isolv(q) - Iincoh)c_ll for each
tested sample. Some S-WANS behaviors such as the g
dependence of AI(q)c™!, observed in MC sample solutions,
are shown in Figure la—c with the evaluated error bars to show
the accuracy of the experiments. Because the concentration, c,
for each MS sample was not higher than the so-called overlap
concentration, ¢* = [5]7', S-WANS behaviors are almost
independent of ¢ and reflect the isolated state in D,O solutions.
In the case of the behavior for MC(1.8:23) with the lowest M,,
in the examined MC samples, AI(q)c™" data seem to have a
plateau region in a g range lower than 0.1 nm™, an inversely
proportional region showing the relationship AI(q)c™" o g~" in
a qrange of 0.1 nm™' < ¢ < 3.0 nm™, and a steeply decreasing
region with g values showing a couple of characteristic
interference scatterings, as seen in Figure la. The presence of a
plateau region in the AI(q)c™' data means that MC(1.8:23)
molecules have a characteristic size not far from 10 nm. On the
other hand, the relationship AI(q)c™" & g~ strongly suggests a
rigid rodlike structure for the sample. The broad interference
scatterings observed at q* ~ 17 and g** ~ 6 nm™!, which
correspond to the spacing distances of 6* ~ 0.4 and 6%* ~ 1.0
nm, indicate the presence of loose periodicities in the rigid
rodlike structure. There is a broad peak in the S-WANS data of
solvent D,0 at g = 20 nm™’, which corresponds to 0.3 nm in
scale. Because the observed peak value of ¢* = 17 nm™" was

https://doi.org/10.1021/acsomega.2c01859
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slightly smaller than the peak g value of D,O and the g
dependence of the interference peak observed at g* was
obviously sharper than that of D,0O, we concluded that the
observed peaks at g* result from the periodic structure formed
in the particles of MC molecules dissolved in water."

A solid curve drawn in Figure la reveals a theoretically
calculated q dependence of the form factor (P(q)) of a rigid
rod*! with a length and diameter of L = 39 and d = 0.7 nm,
respectively, which was calculated using SasView”” multi-
purpose open source software for small-angle scattering data
analysis and multiplied by a certain adequate value to fit the g
dependence of the data. The reason for the L value is described
in the later section. Reasonable agreement between the solid
curve and AI(q)c™' data convincingly reveals that the
MC(1.8:23) molecules have a rigid rod shape with L = 39
and d = 0.7 nm in aqueous solution. Essentially, the same S-
WANS behavior except for the presence of a plateau AI(q)c™
region has already been observed in the S-WANS behaviors in
the samples of MC(1.8:54) and MS(1.8:115) with M,, higher
than MC(1.8:23) in the previous report,”” which are well
described by the form factors of rigid rods with the same d
value of 0.8 nm and L values longer than 39 nm. Briefly stated,
the form factor of a rigid rod, P(q), with L and d exhibits a
plateau value ca unity in the g range less than ca (L/3)™" and is
followed by the characteristic relationship P(q) o g~ up to a q
value ca (d/3)7", then decreases rapidly above the g value. The
broken line in Figure la indicates the g dependence of the
theoretical form factor, P(q), of a rectangular cuboid
(rectangular column) calculated by SasView™ with L = 39
nm and major and minor widths of w; = 0.7 and w, = 0.3 nm,
respectively. Since this form factor for the rectangular column
is hardly distinguishable from that for the rod, a rectangular
column is also a likely candidate for the structure of
MC(1.8:23) molecules in aqueous solution.

Figure 1b,c represents the q dependence of AI(q)c™" data for
MC(1.8:270) and MC(1.8:790), respectively, possessing much
higher M, values than MC(1.8:23). In the case of the
MC(1.8:270) sample, the ¢* value is calculated to be 1.9 X
1073 g mL™!, whereas AI(q)c™" data obtained at ¢ = 5.0 X 107°
g mL™", which is approximately 2.6 times as high as c*, appear
to follow those determined at ¢ lower than ¢* even in a low g
range. Basically, the essential rigid rod particle characteristics
also remain in these longer MC samples in a local structure
covered by the S-WANS behaviors. However, a steep decrease
in the AI(g)c™" data starts at ¢ ~ 1.5 nm™, which is slightly
lower than that of MC(1.8:23). Since the solid lines in Figure
1b,c represent the q dependencies of the form factors, P(q), of
rigid rods with d = 0.9 and L = 230 nm, and d = 1.1 and L =
430 nm, respectively, calculated using SasView,”> and
reasonably fit the AI(q)c™" data, the essential reason for the
decrease in AI(q)c™" at lower q values than the MC(1.8:23)
sample seems to be an increase in the d value with increasing
M,,. These L values are determined in the later section.
Agreement between AI(q)c™" data and theoretical form factors
for rectangular columns with w; = 1.0 and w, < 0.3 nm, as seen
in Figure 1b, and w; = 1.6 and w, < 0.3 nm, as seen in Figure
I, is also recognized in the S-WANS behavior as well as that
of rods. Any w, values smaller than 0.3 nm provided the form
factor, P(q), which was essentially the same as that obtained
with w, = 0.3 nm in a g range less than 15 nm, for rectangular
columnar particles with the fixed L and w; values. Although
one cannot determine which model is more suitable to
describe the structure of MC molecules in aqueous solution,

the enlargement of the cross-sectional dimension for rodlike
particles formed by MC molecules in aqueous solution with
increasing M,, values is indubitable.

Chatterjee et al.*’ carried out SANS experiments in D,O
solutions of MC samples with M,, = 410 and DS = 1.9, and
with M,, = 53 kg mol ™" and DS = 1.8 to investigate the gelation
mechanisms of MC samples in aqueous solutions. They clearly
observed the AI(q) « q~' behavior in a g range from 1.0 X
107! to 1.0 nm™" at temperatures such as 5.8 and 10.9 °C,
which were sufficiently lower than gelation temperatures of
43.6 and 57.4 °C, respectively, for the MC samples, as seen in
Figure la,b. However, they also observed the behavior of
AI(q) « q~7** in a lower q range from 1.0 X 107> to 5.0 X
107> nm™" in both systems. Although the reasons for such
stronger g exponents in their SANS data are not clear at
present, the MC sample concentration of ¢ = 1.5 X 107> g
mL™" in their experiments is substantially higher than the
overlapping concentrations, c*, between MC molecules. The g
dependence of structure factors controlled by the interactions
between MC molecules at the (not sufficiently low)
concentrations would thus be one of the essential reasons for
the observed stronger q exponents. Because the SLS experi-
ments cover a g range from 8.86 X 107 to 3.31 X 107> nm ™"
under dilute conditions without the effects of molecular
overlap, the exact q dependence of form factors, P(q), for
isolated MC molecules describing the overall structure and
conformation in aqueous solution will be discussed in detail
later.

It is noteworthy that the AI(g)c™' value of the
MC(1.8:790)/D,0 system, ca 5.0 cm’ g, is substantially
greater than those of the MC(1.8:23)/D,0, ca 2.0 cm* g/,
and MC(1.8:270)/D,0, ca 2.5 cm? g_l, systems at a constant g
value of 1.0 nm™, as seen in Figure 1. If rod particles dissolved
in D,0 possess the same diameter, d, and different particle
lengths, L, the g dependence of AI(g)c™' value does not
depend on L (or M,,) in a q range sufficiently higher than L™".
The fact that the AI(q)c™" values for the different MC samples
at g = 10 nm™" (< L") are not identical to one another, as
seen in Figure 1, suggests the variation of d (or w;) depending
on the M, values especially for the high M, MC samples
examined in this study such as MC(1.8:790).

Because the AI(q)c™" data obtained at ¢ values lower than c*
are poorly scattered, as shown in Figure 1b,c, the presence of
broad interference peaks at g** ~ 6.0 nm™' is not obvious.
However, the AI(q) data for MC(1.8:270) at c = 1.0 X 107> ¢
mL™" clearly demonstrate the existence of the two peaks at the
q values identical to that for MC(1.8:23), as seen in Figure la.
The highly extended conformation of MC molecular chains
demonstrating a spacing, 6%, related to the repeating distance
of cellobiose of ca 1.0 nm corresponds to g**."* The distance
between two MC molecular chain portions facing each other
due to the folding structure formed by the hydrogen bonds
between the remaining hydroxy groups, as schematically
depicted in Figure 2a, corresponds well to another periodic
spacing, 6%, related to g* in MC samples possessing lower M,,
value than ca 100 kg mol™.."® Intermolecular periodicities close
to 0.4 nm are usually observed in the reported crystalline
structure of cellulose IL** Because these interference peaks
were always observed irrespective of the M, values, the
hairpin-like structure seems to be a fundamental conformation
for the MC molecules in aqueous solution for all the samples
examined.

https://doi.org/10.1021/acsomega.2c01859
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Figure 2. Schematic depiction of the particle structure possibly
formed by the MC samples in aqueous solution: a one-time folded
hairpin-type particle in a lower M,, range (a), a randomly coagulated
bundle structure of hairpin-like parts in parallel with IL™" = 6 (b), and
a sequential two dimensional array of hairpin-like parts formed by a
highly extended molecular chain with IL™" = 5 (c). Small rectangular
columns constructing each large particle described in (b,c) represent
extended molecular chain parts of MC molecules seen in (a).

The cross-sectional enlargement of the formed rodlike
structure with increasing M, results from the increasing
molecular chain numbers per the cross section of the formed
particles, that is, bundle formation of hairpin-like parts. In the
next section, we will determine a ratio between the average
molecular contour length (I) and the average particle length
(L), IL™!, for each MC sample, assuming the rigid rod model."”
The determined IL™' value starts from approximately 2 at
lower M,, values and increases up to 4.9 at the highest value of
M,, = 790 kg mol™". These results strongly support the one-
folded hairpin-like particle structure formation of highly
extended molecular chains, as seen in Figure 2a, for MC
samples with low M,, values." Very recently, the formation of a
two dimensional array of hairpin-like parts to construct highly
elongated rectangular columnar particles similar to the
structure, as seen in Figure 2c, was also found in poly-
(vinylidene fluoride) (PVDF) solution dissolved in N-
methylpyrrolidone (NMP).”® Referring the particle structure
formed by PVDF molecules, we speculate that the increase in
the IL™! ratio with increasing M,, leads to at least two possible
developments in the formed particle structure: a randomly

coagulated bundle structure of a couple of hairpin-like parts in
parallel formed by a highly extended molecular chain with
some folding points, as schematically depicted in Figure 2b,
and a sequential two-dimensional array of hairpin-like parts
formed by a highly extended molecular chain, as seen in Figure
2c. The former structure corresponds to the rodlike structure,
and the latter corresponds to the rectangular columns assumed
above. When the interaction between the formed hairpin-like
parts is not so strong as to form the sequential two dimensional
arrays shown in Figure 2¢, randomly coagulated bundles, as
seen in Figure 2b, will be constructed. The reason for the
formation of bundles of hairpin-like parts, as seen in Figure
2b,c, is the hydrophobic interactions and hydrogen bond
formation between the parts using the remaining hydroxyl
groups on the MC molecular chains. The hydrophobic
interaction is also important for intermolecular associative
behavior of MC molecules in aqueous solution related to the
gelation mechanisms of aqueous MC systems.”®

Rodlike particles are formed by isolated MC molecules at 25
°C in dilute aqueous solutions, as described in this study.
Isolated rodlike MC particles would gather into bundles to
make long fibrils due to the hydrophobing of the surface of
MC rodlike particles and also interparticle hydrogen bond
formation caused by the dehydration of MC molecules at
higher temperatures than, for example, 40 °C, as proposed by
previous studies.”'®*® When the formed long fibrils of MC
molecules contact each other at high temperatures, the contact
points will result in cross-linking points inducing the gelation
of the systems due to the hydrogen bond formation.

SLS Behaviors. To probe structure of particles formed by
MC molecules on the scale larger than that covered by the S-
WANS experiments, SLS measurements were quite useful. The
excess Rayleigh ratios (R,) from the solvent, water, were
determined at each 6 in the SLS measurements. The optical
constant (K) of the SLS apparatus was determined using a dn/
dc value of 0.134 mL g~'. As the distributions of the molar
masses of the investigated MC and HpMC samples were not
exceptionally sharp, the so-called Berry plot,>"**

"KCR(’_IC:O( =lirr(1) JKR,') versus q?
c—

"KCR("_Iq:O( = lin}) ,/KCR(;I) versus ¢, was used to determine
q—)

the weight average molar masses, M,,, and the radii of gyration,
Ry, of the samples instead of the Zimm plot.”” The Berry plots
obtained for aqueous solutions of MC(1.8:270) are shown in
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Figure 3. Dependencies of«/KcRJIFO data on ¢ (a) and ‘/KCRF]_quO on ¢ (b) for aqueous solutions of MC(1.8:270) at 25 °C.
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Figure 3 as typical results. The processes in which /KcR;" —

—1 . o
and /KcRy o data were determined are summarized in the
4=

Supporting Information, S1. According to the standard
method, because the intercept and initial slope of a straight

line found in Figure 3a indicate the values of 1/,/M,, and

Rg2 /(64/M,,), respectively, M,, and R, can be determined to be
270 kg mol™' and 65 nm, respectively. The straight line

obviously deviates from the 4/ KcR, 1q=0 data in a high g range,

as observed in Figure 3a. On the other hand, from the intercept
of a straight line shown in Figure 3b indicating M, 3, the
value of M,, = 270 kg mol™" was confirmed. Moreover, the
second Virial coefficient (A,) can be obtained as 8.8 X 107
mol mL g~* from the slope of a straight line, as seen in Figure
3b, since the slope theoretically represents the value of A,M,".
According to the same procedures, the values of M,,, R, and A,
were determined for each MC sample.

Figure 4a shows the M,, dependence of R, for the MC
samples in aqueous solution. If one would like to
approximately describe the relationship between the parame-
ters using a simple power law, such as x M,% an M,
exponent, @, could be determined to be ca 0.67. This value is
typical for slightly expanded flexible polymer chains in
solution.””> However, the validity of the simple power law
seems to be doubtful because the R, data points seem to have a
tendency to increase the slope gradually in a low M, side, as
seen in Figure 4a. In particular, the data points on the lower
M,, side show the relationship R, & M,,, which means that the
MC molecules with M,, values lower than ca 100 kg mol™
simply behave as rigid rods in aqueous solution. The widely
accepted idea that water-soluble MC samples behave as semi-
flexible or random coil-like polymer chains at sufficiently high
M,, should be reconsidered, considering the S-WANS
experimental fact demonstrating an increase in the diameter
of the local rigid-like structure with increasing M,,, as discussed
above.

A substantial decrease in the A, data observed at a higher M,,
than ca 300 kg mol ™, as seen in Figure 4b, means a decrease in
repulsive interparticle interactions, and in other words, an
increase in attractive interparticle interactions.”’ > It is
interesting to note that the proportional relationship observed
between R, and M, starts to deviate downwardly in an M,,
range similar to that for the beginning of a decrease in the A,
value, as determined from Figure 4a,b.
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Here, we analyze the overall shape of MC molecules in
aqueous solution employing a rigid rod particle model*' and a
rectangular columnar model® based on the obtained g

dependencies of [Ry(Kc) '].,( = lim Ry(Kc)™") data that
=0
were calculated from the intercepts of Berry plots;
[R(,(Kc)_l]czo = (lim\/KcRg_l)z. Because the relationship
=0

[Ry(Kc) ']._p = M, P(q) holds theoretically, the q depend-
ence of [Ry(Kc)™']._, essentially represents that of the particle
form factor, P(q). Consequently, if one finds the correct
particle form factor, P(q), agreement between [Ry(Kc)™'].,
data and M, ,P(q) would be confirmed over the entire q range
covered by both SLS and S-WANS techniques. In curve fit
procedures of the M,.P(q) to [Ry(Kc)™']._, data, assuming the
rigid rod and rectangular columnar models, the multipurpose
software, SasView, was used again.

The determined best fit M,,P(q) curves for each MC sample
are shown in Figure 5. The particle lengths, L, necessary to
describe the best fit M, P(q) curves are also summarized in
Table 1 with the estimated uncertainty of +5%. The diameters,
d, for rods and widths, w, and w,, for rectangular columns used
to calculate the best fit form factors, P(g), were the values that

-
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Figure 5. Dependencies of [Ry(Kc) '],_,( = lim Ry(Kc) ") data and
=0

M,P(q) on q for aqueous solutions of the MC samples at 25 °C. The
assumed diameters, d, for the rod models are shown in the figure.
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Table 1. Codes, the Weight Average Molar Masses, M,,, the Radii of Gyration, R, the Particle Length, L, the Contour Length,
I, the Ratio of I/L, the Particle Diameters, d, the Particle Major and Minor Widths, w, and w,, the Translational and Rotational
Diffusion Constants, D, and D,, the Intrinsic Viscosity, [#7], and the Hydrodynamic Radii, R;, for the Examined MC Samples

code M,/kg mol™'“  R,/nm“ L/nm“ I/nm I/L
MC(1.8:23) 23.0 11 39 614 16
MC(1.8:54) 54.0 21 75 144 1.9
MC(1.8:115) 115 38 135 306 23
MC(1.8:206) 206 51 190 550 2.9
MC(1.8:270) 270 65 230 720 3.1
MC(1.8:420) 420 82 300 1120 37
MC(1.8:790) 790 120 430 2110 49

d/nm  w;/nm  w,/nm D,/m* s D,/s™ Ry/nm  []/mL g*
0.7¢ 0.7 <03 52 x 107! 4.7 44.0
0.7¢ 0.77 <0.3 3.1x 107! 7.9 130
0.8° 0.8“ <0.3 2.0 x 1071 12 260

1.6 x 107" 16 360
0.9° 1.0° <0.3 12x100"  20x10° 20 530

1.0 x 107 1.1 x 10° 25 610
1.1° 1.6° <0.3 7.0 x 1072 3.3 X 10? 35 840

“Containing the uncertainty of +5%. bContaining the uncertainty of +7%. “Containing the uncertainty of +10%.
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Figure 6. Dependencies of the first cumulants, I';, on g* for aqueous solutions of MC(1.8:54) (a) and MC(1.8:790) (b).

had been determined and are summarized in Table 1 in the S-
WANS data analysis section above to discuss the local
structure of the formed particles. In fact, if one uses particle
diameter and width values that are a few times greater than the
values shown in Table 1 to calculate MP(q) curves, their g
dependencies observed in the g range covered by the SLS
measurements do not change at all. We only show the g
dependencies of the M,,P(q) curves calculated with d values, as
seen in Table 1. The reasonable agreement between the
[Ry(Kc)™"].~o data with error bars and M,,P(q) curves, as seen
in Figure S, assuming the rigid rod model for all the MC
samples, strongly suggests that MC molecules construct
particles possessing elongated rigid rodlike conformations
and structures in aqueous solutions over the entire range of
examined M,, values.

Figure 4a also shows the M,, dependence of the ratio of
LRg_l, which is roughly described to be a constant value close
to 3.5 irrespective of the M,, values. Because the relationship L*
= 12Rg2 (V12 = 3.46) holds for rigid long rods, the fact that
LRg_1 ~ 3.5 reveals that the MC samples behave as rigid rods
in aqueous solution irrespective of the M,, values from the SLS
behavior viewpoint.””> However, we must emphasize another
important folding characteristic in the MC molecules related to
an increase in the diameters of the formed rigid rod particles
with increasing M,, (cf Table 1 and Figure 2). Because the
repeating length of the fundamental glucopyranose unit has
been known to be ca 0.5 nm, one can calculate the weight
average molecular contour length, I, of MC molecules from
their M,, values. In accordance with the folding structure of
elongated MC molecule chains schematically depicted in
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Figure 2, a folding number for MC molecules is determined as
IL™!, which represents “the average number of MC molecular
chains per cross section” of the formed MC particles in
aqueous solution. The dependence of the folding number, IL™",
on the M, value is also plotted in Figure 4b. Because the /L™
values seem to maintain a constant value of ca 2 in a M,, range
lower than 100 kg mol™ and show steep increase with
increasing M, the increase in diameter of the formed rigid
rods or rectangular columns clearly results from that in the IL™*
values. Therefore, although the MC samples show a change in
folding number, IL7Y, with increasing M,,, they maintain their
rigid rodlike or rectangular column-like structure over the
entire range of examined M,, values.

The examined MC samples demonstrate cloud points, for
example, 37 °C significantly lower than those of other water-
soluble chemically modified cellulose samples. The small A,
values of the MC samples with high M,, observed in this study
suggest relatively strong attractive interparticle interactions. It
is likely that these observations are induced by the character-
istics of the formed rodlike particles. Fortunately, the curve fit
analysis could be successfully applied to all the MC samples
examined in this study. However, it is possible that the analysis
cannot be applied MC samples with M,, > 10°> kg mol™" due to
the non-negligible contribution of flexibility in the formed
particles, even if rodlike shape particles are formed in the MC
samples.

DLS Behaviors. The autocorrelation function of the light
electric field (E (q, t)) scattered by dispersed particles in a
liquid medium as functions of scattering vector, g, and time (t)
defined as g,(t) = (E*(q,0)E(q,t)), where the asterisk indicates
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complex conjugate, is related to the autocorrelation function of
the light intensity (I(q, t)) scattered by dispersed particles
defined as g(t) = (I(q,0)I(qt)) via the so-called Siegert
equation given by g,(t) = 1 + alg;(t)>, where a represents a
certain constant value depending on the apparatus used.’!
According to the standard DLS theory, the first cumulant of

gl(t) = \/(gz(t) — 1)/a defined as I} = —lim dIn gl(t)/dt is
t— 0

directly related to the average translational diffusion coeflicient
(D,) of the dispersed particles in the liquid medium in the
manner of [’} = qZDt.31 This consideration is valid only for
smaller particles with characteristic sizes less than q~'. In the
case of larger anisotropic particles such as rods, one should use

the relationship lim [=¢’Dito evaluate D, values precisely
q° =0

because the contribution of rotational diffusion processes of
particles cannot be ignored in a higher g range.

Figure 6a,b demonstrates the typical q¢* dependencies of the
obtained first cumulants, I';, for the short MC(1.8:54) and the
longest MC(1.8:790) samples, respectively. Although the I',
data of MC(1.8:54) have a constant slope showing a D, value
ca 29 X 107" m* s7! over the entire q° range examined
irrespective of the concentration, c, that of MC(1.8:790) seems
to have two straight parts. D, can be evaluated from the initial

slope, lim I,/q? of the I'; data to be D, = 7.0 X 1072 m? ™"
9 -0

for MC(1.8:790). In addition to this initial proportional part,
the I'; data of MC(1.8:790) possess the second straight part,
which has the identical slope to the D, value, in a higher g*
range, as seen in Figure 6b. Berne et al*! suggested that the
intercept of an extrapolation of the straight part of the I'; data
found in higher q* range provides six times the rotational
diffusion coefficient (D,) for large anisotropic particles. Some
experimental results verified this idea.””~** According to them,
the D, value can be evaluated to be 3.3 X 10*> s™' for
MC(1.8:790) from the intercept of a broken straight line, as
seen in Figure 6b. In all the MC samples, the D, values could
be determined from the (initial) slopes of the I'; data, whereas
the D, values were determined only for the longest three MC
samples. Although depolarized dynamic light scattering (DLS)
experiments’' are known as the most reliable method to
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determine D, values for particles with anisotropic structures
and were tried in this study, the observed scattering intensities
under the depolarized condition were too low to determine D,
values in the aqueous solutions of MC samples examined in
this study. All the determined D, and D, values and the
hydrodynamic radii (R;) calculated from the D, values using
the Stokes-Einstein relationship, R, = kgT(6a7,,D,)”", where
kg, T, and n, are the Boltzmann constant, the absolute
temperature, and water viscosity, are also summarized in Table
1.

The obtained M,, dependencies of the D, and D, values are
shown in Figure 7. The D, value decreases with increasing M,
approximately demonstrating the relationship D, ox M, %%, as
usually observed for many flexible polymers in solutions.
However, the so-called shape factor (p = Ry/R;,) for the MC
samples, which approximately shows proportionality to In(L/
d), as clearly seen in Figure 7b, is greater than that for flexible
polymer chains such as the constant value of ca 1.56 in good
solvents. According to the theoretical consideration, p can be
described with an equation p = 0.18 + 0.58In(L/d) for lon,
rods with the ratio of L/d > 10, which is shown in Figure 7b.>
Agreement between the theory and experimental p data
appears to be reasonable. This consideration of the shape
factor, p, strongly demonstrates that the particles formed in the
aqueous solutions of the MC samples behave as rigid elongated
rodlike particles.

Here, we discuss the M,, dependencies of D, and D, based on
the rigid rod particle model. Ortega and Garcia de la Torre®
proposed simple expression methods for theoretical D; and D,
including numerical parameters as follows.

b = kaT(n(L/d) +C)
‘ 3, L ()

3k, T{In(L/d) + C.}
D = 3
m, L (2)

where C, and C, are the numerical factors described by
polynomials of the ratio of L/d.*® The solid and broken lines
observed in Figure 7a represent the M, dependencies of
theoretically calculated D, and D,, respectively, substituting the
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determined L value for each MC sample into eqs 1 and 2.
Although the numbers of D, data points are not sufficient to
discuss the formation of the rigid rod particles in detail, the
reasonable agreement between theory and experimental D,
(and D,) data clearly observed in Figure 7a reveals that the MC
samples form elongated rigid rodlike particles irrespective of
M, from the viewpoint of D, data.

Viscometric Behaviors. The M, dependence of [#] for
the MC samples dissolved in aqueous solution is shown in
Figure 8 and Table 1. If one neglects the data of the longest
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Figure 8. M,, dependence of [] for the MC samples dissolved in
aqueous solution. The slope of the straight line is 1.7. Solid and
broken curves indicate theoretical calculations using eq 3, assuming L,
= L for [#].y and L, = 0.85L for [#7].p, respectively.

MC(1.8:790) sample, a Mark—Houwink—Sakurada-type ex-
pression such as [17] o< M,,>*7' can be approximately obtained
forcibly. However, it seems that the classical Mark—Houwink—
Sakurada expression does not fit our data as we observe a
changing structure with increasing M, that is, the folding
number, IL™!, and particle diameter, d, change with increasing
M,, as discussed above. On the low M,, side, the [#] data seem
to have a large slope close to ca 1.7, that is, [17] o« M,,'7, which
is a typical value for rigid rod particles.”>”® Therefore, we
analyze the M,, dependence of the [5] data based on the idea
that rigid elongated rodlike particles are formed in this system.

According to the theoretical prediction, the intrinsic
viscosity [#7] of rigid rod particles with the molar mass, M,,
length, L, and a diameter, d, is given using eq 3.35%7

22N, L

= 45M, {In(L/d) + C,}

()

where N, and C, represent Avogadro’s number and a
numerical constant showing hydrodynamic interactions
described by polynomials of the ratio L/d.>> The solid line
observed in Figure 8 demonstrates the M,, dependence of the
theoretically calculated [#] ., by directly substituting the L and
d values determined by the SLS measurements into eq 3 at
each M,, value. In the case of the examined MC samples, the
L/d values were greater than 30 even for the shortest
MC(1.8:23) sample. When the L/d value has such large
numbers, the numerical parameter, C,, approaches a constant
value of ca —0.93.”> We used the relationship C, = —0.93 in
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this study. Although agreement between the theoretical solid
line and experimental [#] data is not as good, the solid line has
a similar M,, dependence to that qualitatively observed in the
[n7] data. On the other hand, the broken line, as shown in
Figure 8, indicates the [#] ., curve theoretically calculated via
eq 3, assuming that the hydrodynamically effective particle
length (L,) is not identical to L but 0.85L.>° Because the
agreement between the [#7],;, and [#] data in Figure 8 appears
reasonable, the presence of rodlike particles is certain in
aqueous solutions of the examined MC samples. If L, = 0.85L
is assumed via eqs 1 and 2, agreement between the theoretical
calculations and data is reasonably maintained, as seen in
Figure 7a,b. Therefore, it seems that hydrodynamically, the
particle length behaves to be shorter than that determined by
the SLS techniques by approximately 15%. A similar difference
between the Ly and L values was also recently reported in
PVDE/NMP solution systems, in which PVDF molecules form
highly elongated rigid rodlike particles.”> Consequently, the
viscometric data, as well as other experimental techniques such
as the SLS and DLS measurements, also revealed the formation
of elongated rigid rodlike particles in the MC samples.

B CONCLUSIONS

S-WANS experiments revealed that the local structure of MC
ether samples with a DS of 1.8 dissolved in aqueous solution is
reasonably explained with rodlike shape particles, in which MC
molecular chains are elongated and folded to show weak
periodicities of approximately 0.4 and 1.0 nm. The shorter
spacing corresponds to the length of a structural repeating unit,
cellobiose, and the other to the distance between facing
molecular chain portions in the rodlike structure. The
diameter, d, of the formed local rodlike structure increases
gradually with increasing average molar mass, M,,.

The results of SLS and DLS measurements were rationally
described with the idea that the rodlike local structure is
extended to the overall particle structure of the MC samples
dissolved in aqueous solution irrespective of M,, over the entire
M, range examined. Because the molecular chain folding
number in the formed highly elongated rodlike particles is
altered with increasing M, the M,, dependence of R, does not
follow the relationship R, o« M,,, which is valid in simple rigid
rod particles for which lengths, L, are proportional to M,
However, the formed particles have a rigid rodlike structure
that clearly shows the evidential relationship L* 12Rg2
irrespective of M,.

Reasonable agreement between the intrinsic viscosity, [77],
data, and the theoretical calculation, assuming the presence of
rigid rods, also supports the formation of elongated rigid
rodlike particles in the MC samples irrespective of M,,..
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