Polymer Journal
https://doi.org/10.1038/541428-026-01145-w

ORIGINAL ARTICLE

Check for
updates

Dimensional characterization of isolated ethylcellulose in
tetrahydrofuran

Kenji Fukuda'? - Moriya Kikuchi® - Seigou Kawaguchi'

Received: 17 November 2025 / Revised: 29 December 2025 / Accepted: 4 January 2026
© The Author(s) 2026. This article is published with open access

Abstract

The dimensional characterization of ethylcellulose (cellulose ethyl ether, EC,, where x is the degree of substitution based on
the number of hydroxyl groups in a repeating unit (in this study, x = 3.0 and 2.5)) with a weight-averaged molar mass (M)
ranging from 6.32 x 10° to 3.83 x 10° g mol™" and a relatively narrow molar mass distribution (M/M, < 1.2) was studied in
tetrahydrofuran (THF) at 25 °C using static light and small-angle X-ray scattering and intrinsic viscosity ([#]) measurements.
Eleven fully substituted EC;, samples with M,/M, values ranging from 1.05 to 1.22 were prepared by reacting
commercially available EC, 5 with ethyl iodide in THF at 55 °C in the presence of sodium hydride, followed by fractionation
using recycling preparative size exclusion chromatography (SEC) in CHCI;. Furthermore, eight EC, 5 samples with M, /M,
values ranging from 1.04 to 1.19 were obtained by applying the same fractionation technique to EC,s. Afterward, the
z-averaged root-mean-squared radius of gyration (< $2> Z” 2) and [#] for the isolated EC; and EC; 5 chains were measured
and tabulated as functions of M,,. Furthermore, their M,, dependencies were analyzed using cylindrical wormlike chain and
wormlike touched-bead models. The chain stiffness parameter (Kuhn segment length, A™'), molar mass per unit contour
length (M}), and hydrodynamic bead diameter (dg) were determined to be 23.1 nm, 491 g mol™! nm™, and 1.8 nm for ECs
and 16.5nm, 467 g mol™ nm™, and 1.1 nm for EC, s, respectively. These results indicate that both EC3 and EC, 5 form
semiflexible chains with moderate stiffness, primarily because of steric hindrance arising from the ethyl groups in the
cellulose backbone. The monomer counter length (fy;) was estimated to be 0.50 nm for both EC; 5 and EC, 5, suggesting that
the local conformation of the EC chain remains largely unaffected by x between 2.5 and 3.0. In addition, the /y; value was
almost equal to that (0.51-0.52 nm) of crystalline cellulose but considerably greater than that (0.33 nm) of a-1,4-linked
amylose derivatives. In contrast, 1! and dg were influenced by x, likely because of greater steric hindrance in the main chain
and desolvation around the hydroxyl groups.

Introduction

Cellulose derivatives are biobased polymers in which some
or all the hydroxyl groups are replaced with other functional
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R: H- or CH3CH>-
Fig. 1 Chemical structure of EC, (x=3.0 and 2.5)

Furthermore, owing to its solubility in organic solvents, it is
used in pharmaceuticals, inks, paints, adhesives, plastics,
textile finishing agents, and electronic materials [1]. Most
commercial ECs have x =2.5 and thus dissolve in various
organic solvents. EC, 5 is frequently used as a rheology
control agent and binder for inorganic particle dispersions
[2-12]; a primary application is the preparation of nickel
paste for multilayer ceramic capacitors (MLCCs), which are
essential electronic components in modern society. The
main component consists of submicron-sized nickel parti-
cles (50 wt%) and barium titanate particles (5—15 wt%), the
latter serving as a sintering inhibitor. The paste also con-
tains binder resins, EC, 5, solvents such as a-terpineol and
dihydroterpineol, and additives, including dispersants and
plasticizers [4, 11]. Recently, demand has increased for
smaller nickel particles, which enhance performance (e.g.,
increased capacitance) and enable the miniaturization of
MLCCs. However, as the particle size decreases, the rheo-
logical properties of the paste change significantly [11].
Furthermore, the effects of each component, as well as the
mechanisms underlying these effects, remain unclear,
making it challenging to design a nickel paste that meets all
the requirements.

A key material governing the rheological properties of the
nickel paste is EC,s. It has been reported that a transient
network structure forms in the paste through the cross-linking
(bridging) of particles by EC, 5 molecules [2, 3]. However,
the mechanism by which EC, 5 and the particles interact to
form a network structure remains unclear. EC, 5 has also been
reported to aggregate in solvents such as a-terpineol and
other organic solvents [13], suggesting that this may be the
mechanism underlying network formation (note that the
network is also loosened by shearing). Given that the internal
structure of nickel paste is poorly understood, nickel-paste-
based products are developed through trial and error.
Therefore, understanding the conformational properties of
isolated EC, 5 chains in solvents and determining the mole-
cular parameters characteristic of EC, 5 would aid in eluci-
dating its effects on rheological properties, including the state
of nickel paste under shear and aggregate dissociation, and
contribute to the design of next-generation nickel pastes.

To date, there have been few reports on the molecular
characterization of isolated EC,s chains in solution. For
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example, Moore and Brown [14] and Scherer et al.[15]
reported the dilute solution properties of EC, 5 with molar
masses ranging from 1x10* to 2x 10°gmol™, as deter-
mined by viscosity measurements in ethyl acetate and
chloroform. Meyerhoff and Siitterlin [16] also reported the
dilute solution properties of EC,; with molar masses ran-
ging from 1x10% to 1.4x10°gmol™, as determined by
light-scattering measurements in ethyl acetate. Furthermore,
Hua et al.[13] demonstrated that EC, 5 molecules aggregate
in dilute organic solvents, yielding nearly monodisperse
200-300-nm-sized colloidal particles without isolated
chains. However, because significant heterogeneity in molar
mass (M /M, >2.3, where M,, and M, are the weight- and
number-averaged molar masses, respectively) and x in the
samples was not fully considered, the molecular character-
ization of isolated EC, 5 chains in solution remains incom-
plete. Furthermore, the effect of x on the molecular
conformation of the EC chain remains poorly understood.

In this study, we focused on fully substituted EC (ECj )
with a uniform degree of substitution to eliminate ambiguity
and determined its conformational properties in tetra-
hydrofuran (THF) at 25 °C. The EC5 sample was prepared
by reacting commercially available EC, 5 with ethyl iodide
at 55 °C in the presence of sodium hydride. The synthesized
EC; sample was further fractionated by recycling pre-
parative size exclusion chromatography (SEC) into 11
components with narrow molar mass distributions (M,/
M,<1.22) and a molar mass range of 7.05x 10° to
1.87 x 10°g mol™!. These samples were analyzed by SEC
fitted with a multiangle light scattering (MALS) detector
and a viscosity (Vis) detector in THF at 25 °C. Additionally,
small-angle X-ray scattering (SAXS) measurements were
conducted on the lower-molar-mass sample. The z-averaged
root-mean-squared radius of gyration (<S°>,"%) and
intrinsic viscosity ([#]) of EC3 were measured and ratio-
nalized as functions of M. Furthermore, the experimental
data were analyzed using cylindrical wormlike chain and
wormlike touched-bead models to determine the molecular
parameters characteristic of the EC; chain. In addition,
similar fractionation, measurements, and analyses were
performed on EC,5, and the molecular conformational
properties of an isolated EC, 5 chain in THF were clarified
by comparison with those of ECj .

Experimental section

Materials

Three EC, 5 samples (STD-4, 45, and 300) were purchased
from Dow Chemical Co., USA, and used after they were

vacuum dried at 60 °C for more than 24 h. THF (> 99.5%)
was used as the solvent and was purchased from Kanto
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Table 1 Molecular

characteristics of EC3 in THF Sample My, x 19175 MMy M, x 1_(1)5 ’ MWC/ RV% LM }?7“ <8”>, 12" [ﬂllk) 3
at 25 °C, determined by SEC— (g mol™) (gmol™) My (em)  (gmol) — (nm) (g cm)
MALS-Vis measurements (PS)* (EC3) (PS) (ECsy)
b a b
EC;o—1 0.135 0.0705 1.26 1.16  0.0736 1.01 28.23  0.0800 3.9 27.2
EC3;0—2 0.246 0.116 1.08 1.05 0.116 1.03 27.53 0.112 5.7 41.0
EC3;0—3 0.382 0.168 1.09 1.06 0.158 1.02 2692 0.156 7.5 56.0
EC30—4 0.398 0.174 1.09 1.07 0.174 1.03 26.77 0.174 8.2 62.8
EC3;0—5 0.727 0.288 1.14 1.10 0.276 1.05 26.07 0.247 10.3 92.6
EC;o—6 0911 0.346 1.21 1.15 0352 1.07 2571  0.305 12.4 118
EC30—7 1.63 0570 1.08 1.06  0.555 1.02 24.51 0.545 17.4 212
EC30—8 239 0.822 1.15 1.13  0.788 1.05 23.92 0.759 21.9 299
EC390—9 3.07 1.06 1.22 1.22 0.937 1.08 23.68 0.872 24.0 313
EC3;0—10 421 1.47 1.19 1.19 138 1.08 23.00 1.28 29.9 440
2247 191 38.8 680
EC3o—11 533 187 1.19 1.20 194 1.13 22.17° 2228 422 767"
21.87° 2.682 4531 915!

“Determined from the PS calibration curve

"Determined from the absolute calibration curve of EC;, (Fig. 2(a))

“Determined by SEC-MALS

ClRVp is the RV at the peak top in a RI chromatogram

RV other than RV,,

M., at RVp

£M,, at the indicated RV
"c§?>," at RV,

i< 82>, at the indicated RV

J Determined by SAXS in THF at 25 °C

k
[1] at RV,
I[;7] at the indicated RV

Kagaku Co., Ltd., Tokyo, Japan, and distilled over sodium.
Ethyl iodide and chloroform-d (99.8%) were purchased
from Kanto Kagaku Co., Ltd., Tokyo, Japan, and used
without further purification. Chloroform (99.0%, Junsei
Chemical Co., Ltd., Tokyo, Japan) was used as received.
Spectroscopic-grade THF, which was used for SAXS, dif-
ferential refractive index increment, and partial specific
volume measurements, was purchased from Kanto Kagaku
Co., Ltd., Tokyo, Japan, and used as received.

The ethylation of EC,5 (STD-4, 45, and 300) was performed
according to the method reported by Budgell [17]. Briefly, the
reaction was cammied out in THF at 55°C for 5h, using eight
equivalents of ethyl iodide relative to the remaining hydroxyl groups,
in the presence of sodium hydride under a nitrogen atmosphere. The
reaction mixture was reprecipitated in deionized water, centrifuged,
and vacuum-dried. The dried sample was redissolved in THF,
reprecipitated, centrifuged, vacuum-dried, and subsequently redis-
solved as described above. This process was repeated five times
for purification. In the first and second precipitation steps,
sodium thiosulfate was added to deionized water at a 2:1000
weight ratio to prevent the formation of free iodine. By modifying

EC,5, fully ethylated EC;o samples were prepared with
0.13x 10*gmol™ <M, <5.3 x 10* g mol™! relative to a polystyrene
(PS) SEC calibration. These samples were further fractionated using
recycling preparative SEC (NEXT, Japan Analytical Industry (JAI)
Co., Ltd., Japan) at 22-26 °C. The experimental conditions were as
follows: chloroform eluent, 7-14 e’ min™ flow rate, 3H-40 and 4H-
40 (JAI Co., Ltd., Japan) columns, 5-10 cm’ injection volume, and
1-5wt% concentration. Finally, eleven EC;q samples with M,/
M,<122 and M, values ranging from 7.05x10° to
1.87x 10° gmol™ were prepared (Table 1). The fractionation of
unmodified EC,5 (STD4, 45, and 300) was also conducted in the
same manner, and eight EC, 5 samples with M/M, < 1.19 and M,
values ranging from 6.32 x 10° to 2.50 x 10° g mol™ were collected
(Table 2).

Measurements

"H NMR measurements were carried out in chloroform-d
using a JEOL JNM-ECX 400 MHz apparatus; the degree of
substitution (x) was estimated as x=3(7b/(9a—6b)), in

which b is the integrated intensity of the signal from CHj in
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Table 2 Molecular

characteristics of EC, 5 in THF Sample x* My, x 1,975 My/My My x 1_?75(1 de/ RV": My x {?—Sg 2<§2>Z” [n]_ll 3
at 25 °C, determined by SEC- (g mol”) (g mol My (em’) (g mol ) (nm) (g cm)
MALS-Vis measurements (PS)®  (EC,s5) (PS) (EC,s)
c b c
EC,s-1 2.59 0.0944 0.0632 1.07 1.04  0.0657 1.03 29.00 0.0634 3.3k 15.2
EC,s5-2 248 0.166 0.0994 1.09 1.06  0.0953 1.04 28.12 0.0994 4.9 25.8
EC,s5-3 248 0349 0.190 120 1.14  0.185 1.08 27.05 0.184 7.9 49.6
EC,s-4 262 0.605 0302 1.13 1.09  0.302 1.04 2603 0311 113 87.0
EC,s-5 2.55 1.18 0517 124 116  0.523 1.08 2501 0.529 15.8 135
EC,5-6 260 157 0662 122 116 0.627 1.11 2475 0.565 16.6 167
2377 0973 22.8 263
EC,s-7 243 287 1.15 121 119 1.11 1.14
23.16"7 1.29" 26.9 349™
2247 220 36.4 460
22.17° 2.58" 39.1 564™
EC,5-8 2.59 6.13 250 1.17 1.19 253 1.11
21.87° 3.07" 43.00 680™
21.57° 3.83" 47.6 g12m

*The degree of substitution, determined by 'H NMR (Fig. S1)

°Determined by the PS calibration curve

“Determined from the absolute calibration curve of EC, 5 (Fig. 2(b))

4Determined by SEC-MALS

RV, is the RV at the peak top in a RI chromatogram
RV other than RV,. M, at RV,. WM, at the indicated RV
<825 17 at RV,. V< 82>, at the indicated RV

¥Determined by SAXS in THF at 25

"[n] at the indicated RV

the ethyl groups and a is that from CH and CH, in the
glucose unit and ethyl group (Fig. S1). The partial specific
volume (vy,) of the EC3 ¢-6 and EC, 5-4 samples in THF was
measured at 25 °C using a DMA 4500 M densimeter (Anton
Paar GmbH, Austria) as the EC mass concentration C (g
cm™) was varied from 4.0 to 10.0 mg cm . The differential
refractive index increments (dn/dc) for EC5 -6 and EC, 5-3
were determined in THF at 25°C using a differential
refractometer (Otsuka Electronics DRM-1021, wavelength
A =632.8nm) as C was varied from 2.5 to 6.0 mgcm™.

The M,,, <S*>,"?, and [#] for a series of EC3y and EC, 5
samples were measured by SEC fitted with a MALS
detector (Wyatt Technology Corporation DAWN HELEOS,
A =658 nm), a refractive index detector (RI: Wyatt Tech-
nology Corporation Optilab T-rEX, A =658 nm), and a
viscometer (Vis; Viscotek Technology Co. T-60A Dual
Detector) at 25 °C. The SEC measurements were carried out
at a column temperature of 25 °C using THF as the eluent at
a flow rate of 1.0 cm® minfl, with a DG-2080-53 degasser
(Jasco Corp.), a 1100 Series isocratic pump (Agilent Corp.),
a CO-2060 Plus column oven (Jasco Corp.), and three
Tosoh TSKgel GMHHR-H (S) columns.
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Notably, EC, 5 aggregates in most organic solvents [13],
thereby making studies of isolated chains extremely difficult.
Through trial and error, we discovered that isolated EC,5
chains can be studied using the following solution preparation
method. All sample solutions for v,, dn/dc, SAXS, and SEC-
MALS-Vis measurements were prepared by dissolving ECs
and EC, 5 in THF at 50 °C, and the temperature was maintained
at 50 °C until immediately before measurement. The calibration
of the MALS and Vis devices and the MALS analysis were
performed according to previously reported methods [18, 19].

With respect to the SEC-MALS measurements, SEC
column cleaning is crucial. Many commercially available
columns contain impurities within their micro- and nano-
pores, resulting in a low signal-to-noise ratio in light-
scattering intensities, even when the RI and MALS signals
are stable enough for the measurements. Thus, thorough
column cleaning is required to achieve accurate determi-
nations of the molar mass and radius of gyration, particu-
larly for polymers with low M, and dn/dc values [20].
Furthermore, the delay volume between the RI and MALS
detectors can be determined accurately using the new
method we have developed [20]. By considering these
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Fig. 2 SEC chromatograms of (a) EC;,

the a EC; (left) and b EC, 5 6
(right) samples used in this
study; the M,, <S2>L, and [7]
determined by SEC-MALS-Vis
are also shown

wn

logM (g mol ™)

RV (cm?)

points, it is possible to reliably evaluate the molar mass and
molar mass distribution using SEC-MALS.

SAXS measurements were performed in THF at 25 °C on
a NANO-Viewer (Rigaku Co.) with a Pilatus 100 K detector
(DECTRIS Co.), an X-ray wavelength (1) of 0.15418 nm,
and a camera length of 630 mm [19]. The scattering vector
(g) is defined as ¢ = 4nsind/A at the scattering angle (20).
The excess scattering intensity [Al(g)] was obtained from
the scattering intensity difference corrected by the X-ray
transmittance for the solution and solvent at the same gq.
SAXS measurements were carried out at four different
concentrations, and [C/Al(q)]” 2 was plotted against C,
yielding [C/AI(q)] lc/io at infinite dilution by extrapolating
the data points at each g to zero concentration using least
squares [21]. Notably, when EC, 5 was dissolved in THF at
room temperature, significant scattering was observed in the
low-q region, which was attributed to aggregate formation.
However, after dissolving EC,5 in THF at 50 °C and
maintaining it at that temperature until immediately before
measurement, this aggregate scattering completely dis-
appeared within at least 1.5 h, and normal scattering profiles
from isolated EC, 5 chains were obtained.

Results and discussion

Fully ethylated EC3, with x=3.0 was prepared, as con-
firmed by "H-NMR measurements (Fig. S1). Figure 2 shows
the SEC traces (THF as the eluent) of the eleven ECs3 and
eight EC, 5 samples fractioned by recycling preparative SEC
using CHCI; as the eluent. The My, <S> Z” 2 and [n],
determined from the SEC-MALS-Vis measurements, are also
plotted against the retention volume (RV). The M, <§?> 2,
and [#] reasonably decrease as the RV increases, indicating
that the SEC separation conditions are appropriate for ECs
and EC, 5. Crucially, our solution preparation method enables
measurements of isolated EC, 5 chains. The M, and M /M,
values for EC3 and EC, 5, averaged over the entire eluted
substance, were estimated from the absolute calibration

(b) ECy5
4 6 4
EC, 5 sample
8 7 65 4 3 2 1

S z

=5 3
A = A
9 E !
NV &9 NV
~ ~
5 %b )
- 2%

3 1

20 23 26 29 32
RV (cm?)

curves constructed with EC; and EC, 5 as standards, along
with ethylbenzene (not shown). These values are listed in
Tables 1 and 2, along with those obtained from the con-
ventional calibration curve using PS standards, for compar-
ison. The apparent M,, values from the PS calibration curve
are approximately two- to threefold greater because of the
differences in the molecular structure of the repeating unit
and the conformation between PS and EC. The M,,/M, values
determined from the PS calibration are also higher than those
from the absolute calibration, implying that the EC;, and
EC,5 chains are considerably stiffer than the flexible PS
chains. The M, and M,/M, values determined by SEC-
MALS are also listed in Tables 1 and 2, and the M,, values
are very close to those determined by absolute calibration
within experimental error. In contrast, the M,/M, values
obtained by SEC-MALS are significantly lower than those
obtained by absolute calibration, likely because of band
broadening in the latter method [20]. Considering that SEC-
MALS measurements for polymers with narrow molar mass
distributions may contain errors in the high-RV region of the
chromatogram, resulting in an underestimation of M/M,
[20], the actual M/M,, value may lie between the two values.
Since the M,,, <S> Z” 2 and [1#] values at the peak top of the
RI signal (RV,) in the SEC-MALS-Vis chromatogram are
most reliable, they were used to study the following
dimensional properties (Tables 1 and 2). For the high-molar-
mass samples EC3-11, EC,5-7, and EC,5-8, the highly
reliable values for components eluted before RV, were also
used. When using <S>, obtained from SAXS measure-
ments, the M, value derived from the absolute calibration
curve was employed.

First, the partial specific volume (vg,), which may be
related to the conformational properties, state (aggregated or
not), and polymer—solvent interactions, is described. Fig-
ure 3(a) shows the plots of (ps — pg) versus C for EC; -6 and
EC,5-4 in THF at 25 °C. Here, vy, was determined using
Eq. 1.

ps=po + (1 —vypy)C (1)

SPRINGER NATURE
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Fig. 3 a Plots of [p — pg] versus
C for EC54-6 and EC,5-4 in 4

(b)
5

THEF at 25 °C. Data (blue circles) . 3 . 3
for the EC, 5—4 solution — EC;,: 0.78; cm’/g i EC;,: 0.068, cm’/g
prepared at 25 °C are also £ 3t 4
shown. b Plots of An vs. C for :n -
EC;0-6 and EC,5—4 in THF o S 3
at 25 °C S a2t X
~

= S

1 EC,5: 0.80, cm?/g

=Y 1r EC,5: 0.064, cm’/g

0 : : 0 : : -
0 4 8 12 0 2 4 6 8

C (mg cm™)

C (mg cm™)

Table 3 dn/dc, vy, and the Polymer Mo (g mol ) dn/de cm” g

Y v em® g My (gmol ' nm™Y) Iy (nm) A7

(nm) <S2>'"?*(nm) dy (nm) AB

cylindrical wormlike chain and
wormlike touched-bead model
parameters characteristic of

ECso
ECys

246.3
231.8

0.068,
0.064,

0.50, 23.1
049,  16.5

0.21 1.8
0.21 1.1

0.10
0.05

0.78; 491
0.80, 467

isolated EC5 and EC, 5 chains

in THF at 25 °C “Determined by SAXS

Here, py and p; are the densities of the solvent and solution,
respectively. The v, values determined from the slope and
po are listed in Table 3. Almost identical values of 0.787
and 0.809 cm® g’1 for EC5y and EC,35, respectively, are
obtained; these values are smaller than that (0.905 cm g_])
of flexible PS in THF [22] and that (0.95cm’>g™!) of
semiflexible poly(n-hexyl isocyanate) in hexane [23] and
slightly larger than that (0.714-0.724 cm>g™") of amylose
tris(phenylcarbamate) in 1,4-dioxane at 25 °C [24]. Mea-
surements were also performed on the THF solution of
EC, 5 prepared at 25 °C, as indicated by the blue circles in
Fig. 3(a). A significantly larger value (0.854 cm®g~") than
that for the EC, 5 solution prepared at 50 °C is obtained,
although it is very close to the range (=0.84-0.90 cm®g™")
reported at 25 °C in various solvents [16]. The difference in
vgp arises from differences in sample preparation methods,
although both solutions are transparent and homogeneous.
It is possible that EC, 5 is aggregated at 25 °C, yielding a
colloidal dispersion [13]. This aggregate cannot be
unraveled in THF at 25 °C. Assuming that the aggregates
are rigid bodies and impermeable to the solvent, v, may be
equal to the reciprocal of the solute density. As the density
of solid ECZ 5 is 1.14 cm® g_' at 25 °C, vy, is calculated to be
0.877 cm® g, ! which is close to the observed and literature
values. Therefore, EC;, molecularly dissolves in THF,
regardless of the sample preparation temperature, but EC, 5
forms colloidal aggregated particles in THF at 25 °C.
Crucially, the EC,5 aggregates in THF dissociate upon
heating to 50 °C, enabling the study of the dilute-solution
properties of isolated EC, 5 chains. Figure 3(b) shows the
excess refractive index An plotted against C. The dn/dc

SPRINGER NATURE

values were determined from the slopes (Table 3). Slight
differences in dn/dc can be interpreted as resulting from
differences in the chemical com}aosition with respect to x.

The root plots of [C/AI(g)]/",, versus ¢* obtained from
SAXS measurements for the EC;-1, EC34-2, EC,5-1, and
EC,5-2 samples with low M,, in THF at 25 °C are shown in
Fig. 4. Normal root plots without any increase in the scat-
tering intensities in the low-q region are observed, indicating
the absence of EC, 5 aggregates in THF. The experimental
profiles show some variation because of the small difference
in electron density, but the <$? >, value can be determined
from the initial slope and intercept of the straight line (solid
red lines in Fig. 4) with sufficiently high reliability using
Eq. 2, and the results are listed in Table 1 and 2.

(o o)A

Figure 5(a) shows a double logarithmic plot of <$*>

versus My, for EC; and EC, s, as obtained by SAXS and
SEC-MALS measurements. Figure 5(b) shows the results
plotted against the degree of polymerization, Ny, as the
molar mass of the repeating unit changes between EC; and
EC,5. These figures indicate that both EC;, and EC,5
exhibit the typical M- and N,-dependent behavioral char-
acteristics of semiflexible linear polymers, where in the low-
M,, region, the slope is greater than 0.6 but decreases with
increasing M,,. The relationships between <S>, and M,,
for EC5;y and EC,5 isolated chains in THF at 25 °C are
given in Eq. 3.
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EC3_() < S2 l(
ECys: <§%>."2(nm

m) = 3.6 x 1073M,,%7°[7.05 x 10° < M,, <2.47 x 10%] < §? > .'/?(nm
) =3.1x 107°M,°%[9.94 x 10° <M,, < 1.83 x 10] < §*>."*(nm

) =2.6 x 1072M,,°°[3.05 x 10* < M,, <2.68 x 10°]
) =3.6 x 1072M,,°%[5.29 x 10* <M,, <3.83 x 10°]

(3)

The <S?>,"? value of EC, 5 is always smaller than that
of ECj), w1th the corresponding N, implying that the
chains may be markedly different. In addition, the differ-
ence in slope in the high-M,, region suggests that THF is a
good solvent for EC3 but not a very good solvent for
EC, 5. Considering that EC, 5 aggregates in THF at 25 °C
[13] and that the slope appears to decrease further with
increasing M,,, THF might be close to the 6-solvent.
Notably, for EC, 5, compositional heterogeneity persists (x
ranges from 2.43 to 2.62 in Table 2); thus, the results are
subject to some uncertainty. However, a comparison with
the EC; ¢ results and the slight difference in the dn/dc values

4* (nm?)
0 0.07 0.14 0.21
0.22 : .
EC;y-1,2=0
017 p 07 2
o
+ 0.12
oo EC; -2, a =-0.02
— T B
O
= 0.07
- 2 -2 -
= 0.20 ¢ (nm) .
S EC,s1,a=0
= 0.15 | 0©°°
[e]
00°0°°
0.10 M
EC,5-2,a=0
005 007 o014 0.21
q* (nm?)

Fig. 4 Root plots of [C/Al(q)]é/io vs. ¢* for the EC34 and ECys

samples in THF at 25 °C. The vertical axis is plotted by adding a

between them allows the study of the molecular chain
conformation of EC, 5 with considerable confidence.

The molecular parameters characterizing isolated EC5y and
EC, 5 chains were evaluated by comparing the experimental
data with those obtained using the cylindrical wormlike chain
model. The <S*> for an unperturbed wormlike cylinder may
be expressed as the sum of the mean-square cross-sectional
radius of gyration, <S.2>, and the radius of gyration of the
main chain contour, <Sy> > [25]. The value of <S.>> was first
estimated by comparing the experimental and theoretical
scattering form factors, P(q). When the Kuhn segment number
(ng=4L) is close to 1, the polymer chain is considered a
cylinder with contour length L and diameter d, where 4~ is
the stiffness parameter, which will be determined later. P(q)
for the cylinder is given by Eq. 4 [19].

/0 ” {jo K%) Cose} } { ([‘1(2%)22(5)39} } sin0do (4)

Here, jo(x) and Ji(x) are the Oth-order spherical and 1st-
order Bessel functions, respectively. Figure 6 compares the
experimental and theoretical P(g) in a Kratky plot.

The experimental P(q) for EC; and EC, 5 was quanti-
tatively described using a cylinder with d=0.60 nm,
yielding an <S.>> "2 value of 0.21 nm, assuming the rela-
tionship <S.2> = (1/8)d’. The contribution of <S.> to the
observed <§% > ,in Tables 1 and 2 is less than 0.1% but was
nevertheless considered in the subsequent analysis.

The radius of gyration of the main chain, <Sy’>=<
§?> ,-<S2>, is expressed by the Kratky—Porod (KP) chain
(< $%>p) with L and 47!, as given by Eq. 5 [26].

P(q) =

factor, a, for clarity. The solid lines show the initial slope within the 2 L 1 1 1
O &0 =———+-———=|1 —exp(—2iL 5
Guinier region (55 64 422 4)’L 81412 [ p(=22L)]  (5)
Fig. 5 a M,, dependence of (a) (b)
<§*> Z'/Z for EC3 and EC, 5 in
THF at 25 °C and b their Ny
dependencies. The solid lines
represent the theoretical curves ’E ’g
for the perturbed cylindrical £ g
wormlike chain model using the o 10 o 10
parameters in Table 3 7\N N
9 9
10° I I 10° I "
10° 104 103 100 10! 10? 103
M, (g mol!) N,
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Fig. 6 Kratky plot for EC5 -1 (black circles) and EC, s-1 (red circles)
in THF at 25 °C. The black and red curves are the theoretical values
calculated from the cylinder model with d = 0.60 nm and the indicated
L values

L is related to the molecular structure of the polymer
according to Eq. 6.

M
L=— 6
0 (6
Here, M is the molar mass of the polymer, and M is the
molar mass per unit contour length. Equation 5 can be

approximated as Eq. 7 [27].

((S%ﬁ) " (62M;)"" [1 +3%ﬂ (7)

Here, the maximum error from the exact value is 1.5% for
ng>?2. The plots of (MW/<SMZ>)U2 against MW_l for EC;
and EC, 5 are shown in Fig. 7. As indicated, the linear rela-

20

18 f 13>n,>2

16

14}

12 ¢

13>n,>2

(M, /<8y 2>)"? (g"?mol2nm™)

0 0.2 0.4 0.6 0.8
M1 X10° (g mol)

Fig. 7 Plots of [M/<Sp> > ]1/2 VS. pw | for EC3 (black circles)) and
EC, 5 (red circles). The solid lines represent linear regions

volume strength and is estimated to be 2.3 nm for EC; and
0.83 nm for EC, 5 in THF at 25 °C. The significant change
in the B value with increasing x is likely due to the polar
hydroxyl groups present in EC,s, which substantially
increase the intra- and intermolecular attractive interactions
between the segments in THF. As shown in Fig. 5, the
wormlike chain model quantitatively describes the experi-
mental M, dependence of <§*> Z” 2 for EC; 4 and EC, 5 over
the entire M,, range.

The double logarithmic plots of [5] with respect to My,
(a) and N,, (b) for EC5y and EC,5 in THF at 25 °C are
shown in Fig. 8. The M,, dependence of [5] for EC;, and
EC, 5 shows typical semiflexible polymer behavior, with a
power law exponent greater than 0.8. In addition, the [#]
value for EC; is always greater than that for EC, 5 at the
same Ny, as in the N, dependence of <§?> 21/2. The
Mark-Houwink—Sakurada equations are given in Eq. 8.

EC3_0 :
ECys:

[l(cm®/g) = 1.7 x 1073M,,"%® [8.00 x 10° < M,, <3.05 x 10*][](cm’/g) = 9.6 x 107*M,,** [5.45 x 10* <M,, <2.68 x 107]
[7(cm®/g) = 9.5 x 107*M,, "1 [6.34 x 10> < M,, < 1.83 x 10*][y](cm®/g) = 1.5 x 1072M,,*¥ [5.29 x 10* <M,, <3.83 x 107

(3)

tionship holds in the region 13 > ng>2. Two molecular
parameters characterizing the isolated EC chains, ™' and M,
can be estimated from the intercept and slope of the straight
line: 23.1 nm and 491 gmol ™! nm™! for ECs, and 16.5nm
and 467 g mol ! nm™! for EC, 5, respectively (Table 3).

In the high-M,, region shown in Fig. 7, a downward
deviation of the experimental values from the straight line is
observed. The deviation is due to excluded-volume effects,
which were accounted for using the radius expansion factor
(as) based on the quasi-two-parameter (QTP) theory
[28-31], as given by Eqgs. S1-S4 in the SI. The solid lines in
Fig. 5(a), (b) show the theoretical curves calculated from the
perturbed cylindrical wormlike chain model using the
parameters listed in Table 3, where B is the excluded-

SPRINGER NATURE

The M,, dependencies of [5] can be analyzed using the
wormlike touched-bead model [32-34], as described in the
SI. The solid lines in Fig. 8(a), (b) are the theoretical
values calculated from the perturbed touched-bead model
(Egs. S5-S11) using molecular parameters determined
from the M, dependence of <§%>,"? and the bead dia-
meters (dg = 1.8 nm for EC5 and 1.1 nm for EC,5) as an
additional parameter. The theory consistently reproduces
the experimental [5] across the examined M,, range. The
estimated dg values are much larger than those obtained
from SAXS (d = 0.6 nm), likely because SAXS ultimately
measures the electron density difference between the
polymer chain swollen by solvent and the surrounding
solvent, thereby underestimating it. Furthermore, the dg
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Fig. 8 a M,, dependence of [5] (a)

—~
=3
~

for EC3y (black circles) and
EC, 5 (red circles) in THF at 103
25 °C and b their N,
dependencies. The solid lines
represent the theoretical curves
for the perturbed KP touched-
bead chain model with the
parameters listed in Table 3
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value for EC, 5 is 1.6 times smaller than that for ECj,
indicating that EC,s behaves as a hydrodynamically
thinner polymer than EC;, in THF at 25 °C, most likely
because of desolvation around the remaining polar
hydroxyl groups.

Next, the local conformation is described. The monomer
contour length (/y;), which is related to the helical pitch and
local conformation, is given by Eq. 9.

M

l:
MML

9)
Here, M, is the molar mass of the repeating unit, as listed in
Table 3. The Iy; value was estimated to be 0.50 +0.03 nm
for both EC;p and EC,s suggesting that the local
conformation of the EC chain remains largely unaffected
by x from 2.5 to 3.0. The /\; value obtained is almost equal
to that (0.51-0.52 nm) of crystalline cellulose [35] and that
(0.45-0.51 nm) of cellulose tris(alkyl carbamate) in THF
[36] but considerably greater than that (0.13—0.19 nm) of
cellulose in 1-butyl-3-methylimidazolium chloride ionic
liquid [37] and that (0.33nm) of «-1,4-linked amylose
derivative [38], which assumes a gradual helical structure in
solution.

Finally, the 2~! value is discussed. The value increased
from 16.5 to 23.1 nm as x increased from 2.5 to 3.0, likely
due to increased steric hindrance from the greater number of
ethyl groups. The A~! value for EC3, obtained in this study
is comparable to those of cellulose tris(phenylcarbamate) in
THF (21 nm) [38] and 1-methyl-2-pyrrolidone (16 nm) [39],
cellulose myristate (21 nm) [40], (cyanoethyl)(hydro-
xypropyl)cellulose (29 nm) [41], cellulose tris(ethylcarba-
mate) (17 nm) in THF [36], cellulose fris(n-butylcarbamate)
(25 nm) in THF [36], and cellulose tris(n-octadecylcarba-
mate) (24 nm) in THF [36] but much greater than those of
methylcellulose (11.6nm) in water [42] and cellulose
acetate (10 nm) in THF [43]. Compared with methylcellu-
lose and cellulose acetate, which have substituents of
similar size, EC; has considerably greater chain rigidity.

105 106 10 10? 10°

Conclusions

Molecular characterization of isolated ethylcellulose chains
(EC3 and EC,5) has been reported. The dimensional prop-
erties of ethylcellulose with a weight-averaged molar mass
(M,,) ranging from 6.32x10° to 3.83x 10°gmol ' and a
relatively narrow molar mass distribution (M,/M,, < 1.22) were
studied in THF at 25 °C using static light and small-angle X-
ray scattering and the intrinsic viscosity. The z-averaged root-
mean-squared radius of gyration and intrinsic viscosity for the
isolated EC; and EC, 5 chains were rationalized as functions
of M, and their M,, dependencies were analyzed in terms of
cylindrical wormlike chain and wormlike touched-bead mod-
els. The chain stiffness parameter (the Kuhn segment length, 1
~1), molar mass per unit contour length (M), and hydro-
dynamic bead diameter (dig) were 23.1 nm, 491 gmol ' nm ™!,
and 1.8nm for EC3( and 16.5nm, 467 gmol™' nm™!, and
1.1 nm for EC, s, respectively. Thus, EC5 and EC, 5 in THF
at 25°C behave as semiflexible chains with considerable
stiffness. The monomer counter length (/y;) was estimated to
be 0.50 nm for both EC; and EC, s suggesting that the local
conformation of the EC chain remains largely unaffected by x.
The /y; value was almost equal to that of crystalline cellulose
(0.51-0.52 nm) but considerably greater than that of a-1,4-
linked amylose derivatives (0.33 nm). In contrast, the A and
dg values were significantly influenced by x, most likely due to
increased steric hindrance along the cellulose backbone and
the desolvation of residual polar hydroxyl groups.
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