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ABSTRACT

We prepared cellulose tris(ethylcarbamate) (CTEC), cellulose tris(z-butylcarbamate) (CTBC),
and cellulose tris(n-octadecylcarbamate) (CTODC) samples with different molecular weight to
determine their conformational properties in dilute solution. Weight average molar masses Mw,
z-average mean-square radii of gyration (S%)., particle scattering functions P(q), and intrinsic
viscosities [77] of the CTEC, CTBC, and CTODC samples in tetrahydrofuran (THF) at 25 °C
were determined by size exclusion chromatography equipped with multi-angle light scattering
detectors (SEC-MALS), small angle X-ray scattering (SAXS), and viscometry. Infrared (IR)
absorption measurements were also made to observe intramolecular hydrogen bonding
between C=0 and NH groups. The obtained (S?);, P(¢), and [ 7] data were analyzed in terms
of the wormlike chain model to determine the Kuhn segment length (stiffness parameter, or
twice of the persistence length) 4! and the helix pitch (rise) per residue ~. While CTBC has
the highest chain stiffness in the three cellulose derivatives as in the case of the corresponding
amylose derivatives, the difference in the wormlike chain parameters is less significant for the
cellulose alkylcarbamate derivatives. Indeed, intramolecular hydrogen bonding of CTEC,
CTBC, and CTODC is weaker and fewer than that for the corresponding amylose derivatives

owing to the main chain linkage, & or £.

Key Words: polysaccharide derivatives, wormlike chain, hydrogen bond.



1. Introduction

Cellulose tris(phenylcarbamate) (CTPC) was originally utilized to elucidate the
conformational properties of cellulose (f-1,4-glucan) because hydroxyl groups of cellulose
tend to form intermolecular hydrogen bonds with other cellulose molecules [1]. Dimensional
and hydrodynamic properties of CTPC [2-7] can be explained by the Kratky-Porod wormlike
chain model [8]. Consequently, it behaves as a typical semiflexible polymer in solution.
According to the latest investigation of CTPC, the chain stiffness parameter A™' of the model
(the Kuhn segment length or twice of the persistence length) was determined as 21 nm in
tetrahydrofuran (THF) [6] and 16 nm in 1-methyl-2-pyrrolidone (NMP) [9]. Similar chain
stiffness was also reported to be 16 nm in NMP for cellulose tris(3,5-
dimethylphenylcarbamate) [10, 11] which is widely used for chiral stationary phase for liquid
chromatography [12, 13]. These values are rather similar to those for cellulose, that is, A1 =
10-50 nm depending on solvents [14-23], cellulose myristate (4! = 23 nm) [24], and

(cyanoethyl)(hydroxypropyl)cellulose (4! = 29 nm) [25].

We recently found that some derivatives of amylose (a-1,4-glucan) have significant side
chain dependent chain conformation. For example, amylose tris(n-butylcarbamate) (ATBC)
and amylose tris(n-hexylcarbamate) (ATHC) form tightly wounded helical structure in THF
with very high chain stiffness (1! = 75 nm) stabilized by the intramolecular hydrogen bonding
between NH and C=0O groups of the neighboring repeat units [26, 27]. This value is indeed
about 20 times larger than that for amylose in dimethyl sulfoxide (4! = 4 nm) [28] and 3.6
times larger than that for amylose tris(phenylcarbamate) in 1,4-dioxane (4! = 21 nm) [29].
On the contrary, amylose tris(ethylcarbamate) (ATEC) has appreciably smaller ™' (= 33 nm)
in THF, suggesting that the intramolecular interactions between main chain and alkyl side

groups play an important role for the main chain conformation of polysaccharide derivatives



[27]. These results imply us to investigate cellulose alkylcarbamates since no dimensional and

hydrodynamic data are available in our knowledge.

We thus synthesized three cellulose alkylcarbamates, that is, cellulose tris(ethylcarbamate)
(CTEC), cellulose tris(n-butylcarbamate) (CTBC), and cellulose tris(n-octadecylcarbamate)
(CTODC) of which chemical structures are shown in Fig. 1; note that CTEC and CTBC were
originally synthesized by MacCormick et al. [30] and Schurig et al. [31], respectively.
Dimensional and hydrodynamic properties in THF were studied to determine the wormlike
chain parameters and furthermore to elucidate how alkyl carbamate groups affect the

conformational properties of cellulose derivatives.
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Fig. 1. Chemical structures of cellulose tris(ethylcarbamate) (1. CTEC), cellulose tris(n-

butylcarbamate) (2. CTBC), and cellulose tris(n-octadecylcarbamate) (3. CTODC).

2. Experimental Procedures

2.1. Preparation of samples and their solutions

CTEC, CTBC, and CTODC samples were synthesized from commercially available
cellulose powder (Wako, Japan) and micro crystalline cellulose (Sigma-Aldrich, USA) with an

excess amount of corresponding isocyanate (ethylisocyanate, n-butylisocyanate, or n-



octadecylisocyanate) in a manner similar to that reported previously for cellulose [30] and

amylose [26, 27, 32]. A typical procedure for a CTBC sample is as follows.

Cellulose (4 g, 0.025 mol) and LiCl (4 g) dried in vacuum at 80 °C for several hours were
dissolved in N,N-dimethylacetamide (40 cm®) at 120 °C under argon atmosphere for 12 h.
Distilled pyridine (100 cm?) and an excess amount of n-butylisocyanate (22 g, 0.22 mol) were
added to the mixture and stirred by a magnetic bar to achieve complete reaction for 12 h at
120 °C under argon atmosphere. After the reaction, the mixture became a clear brown solution.
The product was poured into a large amount of water to precipitate the crude CTBC sample.
After drying in vacuum, a colorless fibrous sample was obtained. In the case of CTODC,
twice amount of toluene was added to the reaction mixture to avoid gelation after adding the
corresponding isocyanate. We have also attempted to prepare cellulose tris(n-hexylcarbamate)
(CTHC) samples with n-hexylisocyanate because dilute solution properties of ATHC were
reported [27]. We did not however use the CTHC samples in the following study because the
crude product was not soluble in THF. N,N-dimethylacetamide (dehydrated grade, Wako),
LiCl (Wako), ethylisocyanate (Wako), n-butylisocyanate (Wako), and n-octadecylisocyanate
(Wako) were used without further purification while pyridine and toluene was purified by

fractional distillation over CaHo.

The synthesized CTEC and CTBC samples were divided into several fractions by fractional
precipitation with THF as solvent and water as precipitant.  Similar procedure was also
employed for CTODC with THF as solvent and methanol or acetone as precipitants.
Appropriate middle fractions summarized in Table 2 as well as the unfractionated CTEC
(CTEC-U) and CTBC (CTBC-U) samples were chosen for this study. Their chemical
structures were confirmed by solution '"H NMR spectra in CDCl3, IR absorption spectra, and

elemental analysis. The weight ratio of nitrogen to carbon for each sample is consistent with



the theoretical value within 2%. The degree of substitution (DS) of CTEC and CTBC samples
were estimated to be 3.0 £ 0.3 from the ratio. The reprecipitated samples were dried in vacuum
for more than 48 hours prior to preparation of THF solution. The solvent THF was distilled

over CaH2 except for the mobile phase of the size exclusion chromatography (SEC).

Solubility test of the CTEC, CTBC, and CTODC samples into various organic solvents was
also performed to compare it with the corresponding amylose derivatives as summarized in
Table 1. While CTBC, ATBC [26, 33], and ATEC [27] are soluble in various alcohols, CTEC
has much less solubility in them other than methanol. This suggests that difference in the main
chain linkage (o or ) significantly effects the solubility as is the case with the difference in
cellulose and amylose. In the case of CTODC, the long side groups decrease the solubility
into polar solvents while that in THF is good enough to determine dilute solution properties as

discussed later.

Table 1

Solubility of cellulose and amylose alkylcarabamates in organic solvents at room temperature.

solvent CTEC ATEC? CTBC ATBC® ATHC® CTODC
chloroform S S S S S S
THF S S S S S S
methanol S S S S I I
2-propanol I S S S I I
1-propanol I S S S S I
2-butanol I S S S S I
1-butanol I S S S S I
2-ethoxyethanol I S S S I I

S: soluble. I. insoluble. ATEC: amylose tris(ethylcarbamate). ATBC: amylose tris(n-
butylcarbamate). ATHC: amylose tris(n-hexylcarbamate).  Ref [27]. ® Refs [26, 33].



2.2. Size exclusion chromatography with multi angle light scattering (SEC-MALS)

SEC-MALS measurements were made for the CTEC, CTBC, and CTODC samples to
determine their weight-average molar mass Mw and the z-average mean-square radius of
gyration (5?); as a function of the elution volume Ve (Fig. 2). A TSKguardcolumn Hxi-H
column and a TSKgel HxL column are connected in series, and a sample loop with 100 uLL was
used, and the flow rate was set to be 0.5 mL min~'. Mass concentration ¢ of the injected
solution were chosen to be 2 x 107 — 6 x 103 g cm™. A DAWN DSP multi-angle light
scattering photometer and a refractive index detector were used to determine the Rayleigh ratio
and c at each Ve, respectively. The refractive index increment on/Oc values at which the
wavelength of the light scattering photometer (Ao = 633 nm) in THF at 25 °C were determined
to be 0.0841 cm® g! for CTEC, 0.0872 cm® g”! for CTBC, and 0.0770 cm® g for CTODC.
These values are substantially the same as those at the constant chemical potential for binary
systems. The scattering data were extrapolated to infinite dilution and to zero angle with the
aid of the Berry plot [34] because it shows good linearity both for flexible and rodlike chains
at low g region [35]. It should be noted that the contribution from the second virial coefficient
was negligibly small if we consider the value from SAXS measurements. The obtained Mw
and the dispersity index D (= Mw/ Mn with Mhn the number-average molar mass) for each sample
except for the unfractionated samples (CTEC-U and CTBC-U) are shown in Table 2. These
M,y values were at most 1 % larger than the uncorrected data at finite concentration. The second
peak in Fig. 2 may show the scission of the main chain since the peak tends to become more

appreciable with increasing side chain length.



1w —————02
104 E (a) CTEC-U

0.1

M, /10 g mol™, ($%),"? /nm

0.05

Vel em’

Fig. 2. Elution volume Ve dependence of the weight-average molar mass Mw (red circles),
the z-average mean-square radius of gyration (S%),"? (blue triangles), and the polymer mass
concentration ¢ (solid curves) for (a) CTEC-U and (b) CTBC-U, and (¢) CTODC504K in
THF.

2.3. Small-Angle X-ray Scattering (SAXS)

SAXS measurements were carried out for CTEC83K, CTEC68K, CTEC43K, CTBC64K,
CTBCI18K, CTODCS89K, and CTODC35K in THF at 25 °C at the BL40B2 beamline in SPring-
8 (Hyogo, Japan). Test solutions with four different concentrations ranging from 4 x 107> to
2 x 1072 g cm ™ were prepared for each sample. Solvent and solutions having different ¢ were
measured in a quartz glass capillary with a diameter of 2.0 mm. It should be noted that some
preliminary measurements were also performed at the BLOA beamline in KEK-PF (Ibaraki,

Japan) to estimate the measurement conditions (not shown in this paper). The wavelength,



camera length, and accumulation time were set to be 0.10 nm, 4000 mm, and 120-300 s,
respectively. Two dimensional scattering intensity data were recorded by a RIGAKU R-AXIS
VII imaging plate. The actual camera length was determined by means of the Bragg reflection
of silver behenate. The circular average was utilized to obtain scattering intensity /(q) as a
function of the magnitude of the scattering vector g. The background was measured from the
scattering intensity of pure solvent in the exactly the same cell to determine the excess
scattering intensity Al(q). The scattering intensities for each solution or solvent were corrected
for the incident-beam intensity and the transmittance, both determined using the ionic chambers
installed at the upper and lower ends of the capillary. The Berry square-root plots [34] were
utilized to determine (S?), and the particle scattering function P(q). The second virial
coefficients A2 were also estimated from the concentration dependence with the method as

reported elsewhere [36].
2.4. Viscometry

Solvent and solution viscosities for the CTEC43K, CTEC68K, CTEC83K, CTEC140K,
CTBC64K, CTBC190K, CTBC254K, CTODC89K, CTODC346K, and CTODC504K in THF
at 25 °C were measured using a Ubbelohde-type viscometer of which share rate is in the order
of 10*s™!.  The intrinsic viscosity [77] and the Huggins constant k' were determined from the

Huggins, Fuoss-Mead, and Billmeyer plots. The resultant £’ values were between 0.43 and
0.50 for CTEC, between 0.41 and 0.53 for CTBC and, between 0.36 and 0.42 for CTODC,

suggesting that THF is a good solvent for the three cellulose derivatives.
2.5. Infrared (IR) absorption

IR absorption measurements were made for CTEC43K, CTBC190K and CTODC346K in
THF at 25 °C on an FT/IR-4200 (JASCO) spectrometer with a solution cell made of CaF:

having 0.05 mm path length. Concentrations of the test solutions were set to be 0.02 g cm>.



3. Results
3.1. Experimental results of the dimensional and hydrodynamic properties in THF

Fig. 3 illustrates ¢* dependence of P(q) "> for CTEC, CTBC, and CTODC samples in THF
at 25 °C at low-g range. The (S?),!? values were determined from the initial slope and listed
in Table 2, along with [#]. The average A2 values for relatively low molar mass CTEC, CTBC
and CTODC were estimated from SAXS datatobe 1 x 107#,3 x 1074, and 2 x 10 cm® mol

g 2, indicating that THF is a good solvent for the three cellulose carbamates as in the case of

K.

@ '

CTEC83K (A=1) A

CTEC43K A

]

(c) L ‘CT0[39K (A=0)

ooOTV —
CTODC35K (A =0)

Fig. 3. Berry plots for indicated (a) CTEC, (b) CTBC, and (¢) CTODC samples in THF at
25 °C. The ordinate values for CTEC83K are shifted by A. Dashed lines indicate the initial

slopes to determine (S?)..
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Table 2

Molecular characteristics and physical properties of CTEC, CTBC, and CTODC samples in
THF at 25 °C.

e M, /10 g . s (D21 [/
mol™! nm cm’g”
CTEC43K 433 1.5 3.0 9.49 46.0
CTEC68K 68.2 1.2 3.2 13.2 70.0
CTEC83K 82.5 1.6 3.3 14.3 75.0
CTEC140K 140 1.6 3.2 - 111
CTBCI8K 17.8 1.3 3.2 4.52
CTBC64K 64.4 2.1 33 11.7 59.0
CTBCI190K 190 1.3 33 - 132
CTBC254K 254 1.3 3.2 - 197
CTODC35K 34.7 1.3 - 4.71
CTODC89K 88.9 1.4 - 10.2 30.5
CTODC346K 346 1.3 - - 99.0
CTODCS504K 504 1.4 - - 110
a Defined as Mw / Mhn

Molar mass dependence of (S?).! is displayed in Fig. 4 for CTEC, CTBC and CTODC in
THF at 25 °C. The slope at lower Mw range for the three cellulose derivatives are 0.75, 0.78,
and 0.82, and they decrease with increasing Mw. These are typical behavior for semirigid
polymer chains in solution. Fig. 5 shows the experimental [ 77] data plotted against Mw for the
three cellulose carbamates in THF. Their slopes are 0.81, 0.81, and 0.79 for CTEC, CTBC

and CTODC, supporting the results from (S?),!2.
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Fig. 4. M, dependence of (S%).!? for (a) CTEC, (b) CTBC, and (c) CTODC in THF at 25 °C.
Blue and red circles are the experimental data determined from SEC-MALLS and SAXS

measurements, respectively.

Solid and dashed curves, theoretical values for the wormlike

chains without and with excluded volume effects.
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106

Fig. 5. Mw dependence of [ 77] for CTEC (unfilled circles), CTBC (filled circles), and CTODC
(triangles) in THF at 25 °C.

Solid and dashed curves, theoretical values for the wormlike

chains without and with excluded volume effects.

The Holtzer plots [37] are suitable to analyze the particle scattering function of the

semiflexible and rigid polymer chains in solution. The reduced Holtzer plots [Mw g P(q) Vs ¢q]

12



for seven cellulose derivative samples in THF are illustrated in Fig. 6. For CTEC and CTBC
samples, wide horizontal region so called ‘Holtzer plateau’ are found at high g range, indicating
chain thickness is hardly effectible to the P(q) for the current system while a peak at lower ¢
range reflects the finite chain stiffness. Monotonic increase behavior for CTODC at high ¢
range is most likely due to the low electron density of the side alkyl groups comparing with the

main chain and solvent. Similar behavior were also found for some other systems [38-40].

16 | |

quP@Nl@gnmﬂnm4+A

CTODCS9K (A = 15)

C’lI"ODCSSK (11 =0)
0 0.5 1 1.5
g/nm’

Fig. 6. Reduced Holtzer plots for the indicated CTEC, CTBC, and CTODC samples in THF
at 25 °C. The ordinate values are shifted by A. Solid red curves, theoretical values for
cylindrical wormlike chains with the parameters in Table 3. Dashed curves in panel (a),
theoretical values for rigid cylinders. Dot-dashed curves in panels (b) and (c), theoretical

values for core-shell cylinders. See text for the parameters.
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3.2. Solution IR spectra

According to Kasat et al. [41, 42] intramolecular hydrogen bonds of C=0 groups for 3,5-
dimethylphenylcarbamate derivatives of cellulose and amylose are detectable from the amide
I band in the IR spectra. We recently determined the number fraction fnyd of hydrogen bonding
C=0 groups for amylose alkylcarbamates in solution [26, 27, 33]. Fig. 7 shows wavenumber
dependence of the molar absorption coefficient & for CTEC43K, CTBCI90K, and
CTODC346K in THF at 25 °C. Split amide I bands at 1742 cm™' and 1714 cm™' may be
assigned as free and hydrogen bonding C=0O groups. While the wavenumber of the former
peak is almost equivalent to the corresponding amylose derivatives, the latter value is quite
larger than those for ATEC (1700 cm™!) and ATBC (1698 cm™"), suggesting that the hydrogen
bonds of CTEC and CTBC are somewhat weaker than those for the corresponding amylose
derivatives. The observed double peaks are well fitted by the two Gaussian distributions as
illustrated in the figure and therefore the values of fhya were estimated to be 0.42 (CTEC), 0.44

(CTBC), and 0.40 (CTODC).

14
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Fig. 7. Solution IR spectra for indicated cellulose carbamate derivative samples in THF at 25

°C.

4. Discussion

4.1. Analyses in terms of the wormlike chain model

All the dimensional and hydrodynamic properties summarized in the former section have
a typical feature of rigid and/or semiflexible polymer chains. We thus analyzed the data in
terms of the conventional Kratky-Porod wormlike chain model [8], which is a special case of
the helical wormlike chain [43]. According to Benoit and Doty [43, 44], theoretical gyration

radius (S?)o for the unperturbed wormlike chain is calculated by the following equation

L 11
(=1 a7 L 8/14L2 [1-ex(-241) ] M
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where L is the contour length and 4! is the Kuhn segment length. The former parameter
should be proportional to the molar mass M of the polymer and the relationship can be written
as L = M/ ML with ML being the molar mass per unit contour length. The two wormlike chain
parameters, Mt and ™!, were unequivocally determined from the curve fitting procedure and
summarized in Table 3. The resultant theoretical solid curves in Fig. 4 successfully reproduce
the experimental data. The intramolecular excluded volume effects might not be negligible in
the present case because the Kuhn segment number nk (= AL) for the highest molar mass are
100, 60, and 60 for CTEC, CTBC, and CTODC. These values are slightly larger than that for
the threshold value (nk = 50) at which the excluded volume effects become not negligible for
neutral polymers (other than polyelectrolytes) in solution [45, 46]. This effect can be estimated
by the Domb-Barrett equation [47] in the quasi-two-parameter (QTP) theory [43, 48, 49],
which is established both for flexible and semiflexible polymer chains in solution [43, 45, 50].

The theoretical radius of gyration of the wormlike chains (5?) in good solvent can be written as
2\ _ 2/ 2
(8°)=e(s%), @

The radius expansion factor s can be calculated with the parameters of A, M1, and the excluded
volume strength B as a function of M. The last parameter B is roughly estimated in terms of
the QTP scheme from the 42 data to be 0.2, 1.4, and 2.4 nm for CTEC, CTBC, and CTODC.
The calculated (S?) shown as the dashed curves in Fig. 4 are only slightly larger than those for
the corresponding unperturbed values (solid curves) if we chose the B values from 42. We

thus conclude that the excluded volume effects are insignificant for the current (S?) data.

The particle scattering function P(g) determined by SAXS for relatively low Mw samples
were analyzed in terms of the Nakamura-Norisuye expression [51] for the cylindrical wormlike

chains. Three parameters, L, 2!, and the diameter of the cylinder d, were uniquely determined

16



by a curve fitting procedure for the three CTEC samples as shown in Fig. 6. The appreciable
difference of the theoretical values between wormlike cylinder (solid curve) and the rigid
cylinder (dashed curves) with the same L and d indicates the accuracy of A”'. Substantially
the same theoretical values were obtained (not shown) if we calculate theoretical z-average

particle scattering function with the P value in Table 2 assuming log-normal distribution.

In the case of the P(g) data for CTBC and CTODC, peaks at low-g range are less significant
than those for CTEC samples. This is because the Kuhn segment number of these samples are
estimated to be between 0.6 and 2.2 from the above-mentioned wormlike chain parameters
while those for CTEC samples are higher (3.0 — 5.7), suggesting the finite flexibility are hardly
effectible the P(g) data. Although monotonically increase behavior of gP(g) at higher g range
cannot be explained by the cylindrical wormlike chains, it can be explained by the concentric
double cylinder proposed by Livsey [52]. The particle scattering function of the model can be

expressed as

72| d2G(q,0,d,)+ fdlG(q,0,d,) ’

P(q):J‘O

sinfdé 3)

dg + fd
with
_sin[(qL/2)cos 0 |J;[(gdy /2)sin 6 ]
Gl.0:dy)= [(qL/2)cos 0][(qu/2)sin 0] )
and
f — Apl _Ap() (5)

Ap,

where di and do are the diameter of the inner (or core) and outer (or shell) cylinders, Api and

Apo are the corresponding excess electron densities, and J1 is a first-order Bessel function of

17



the first kind. If we choose appropriate parameters, that is, L, di, do, and f (see Supporting
information for the parameters), at least L may be unequivocally determined. The mean ML
value from the resultant L for different Mw samples are listed in Table 3. Somewhat smaller
Mz values determined from (S?) is likely due to the coarse-grained model or the molecular
weight distribution. The theoretical dot-dashed curves in Fig. 6 successfully reproduce the
experimental data other than the low g region of CTBC64K owing to the chain flexibility.
Indeed, the theoretical values (solid curves) for a thin wormlike chain (d = 0) with the same 4!
from (S?) fairly explain the experimental P(g) at ¢ < 0.5 nm~'. It should be noted that the
discrepancy in the range of ¢ > 0.5 nm™' is likely due to the above-mentioned heterogeneous

electron density profile in the thickness direction, thus reasonable.
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Table 3
The molar mass per unit contour length Mi, the Kuhn segment length 2!, and the chain

diameter d for CTEC, CTBC, and CTODC from the different methods.

Polymer Method Mi/nm'gmol™? 27'/nm d/nm

CTEC  ($? 850 + 20 17+ 1
P(q) 830 + 70 16+1 0.6+02
[7] 840° 16.5 1.3
CTBC  (S?), 1150 + 50 25+ 1
P(q) 1230 + 30 254
[7] 1150° 250 2.5
CTODC ($?), 1850+ 170 24 +£3
P(q) 2230 £ 150 244
[7] 2040? 242 3
@ Assumed.

Intrinsic viscosity [#] data were analyzed in a similar way of ($?). Theoretical values of
wormlike cylinders in the unperturbed state can be calculated in terms of the Yamakawa-Fujii-
Yoshizaki theory [43, 53, 54] with the three parameters of M1, A”!, and d at fixed M. If we
assume the mean ML and A™! from (S?), and P(q), the last parameter d may be determined from
the curve fitting procedure (solid curve in Fig. 5) and the resultant values are shown in Table
3. The excluded volume effects on [#] is insignificant if we estimate viscosity expansion factor
aw® by means of the QTP scheme [43, 48, 49] with the Barrett equation [55]; note that we
utilized the excluded volume strength estimated from A: as is the case with (5?),. The resultant
theoretical values plotted as dashed curves in Fig. 5 are mostly the same as those for the
corresponding unperturbed values (solid curves). The obtained chain thickness is reasonable
because they are fairly close to the corresponding amylose derivatives (d = 1.6 nm for ATEC

[27], and 2.5 nm for ATBC [26] determined by [#]). We may therefore conclude that the three

19



physical properties, that is, (S?);, P(¢q), and [#], are consistently explained by the current
theories for the wormlike chains. In other words, we successfully determined the wormlike
chain parameters of the three cellulose alkylcarbamates with reasonable accuracy. The mean
values of the wormlike chain parameters are summarized in Table 4 along with fhya. The helix
pitch (or helix rise) per residue /# was calculated from Mt with the relationship of 7 = Mo / ML
with Mo being the molar mass of the repeat unit. This table includes literature values for
cellulose tris(phenylcarbamate) (CTPC) [6], amylose carbamate derivatives [26, 27, 29, 56],

and curdlan tris(phenylcarbamate) (CdTPC) [57].
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Table 4

Comparison of 27!, helix pitch per residue %, and number fraction of intramolecular hydrogen
bonding C=0 groups fnyd for polysaccharide carbamate derivatives in THF (or 1,4-dioxane) at

25 °C.

Main chain Polymer 2/ nm h/nm Soyd Ref.
F1,4-glucan CTEC 16.5+1 0.45+0.02 0.42 This work
F-1,4-glucan CTBC 251 0.40+0.02 0.44 This work
F1,4-glucan CTODC 24+1  0.51+£0.03 0.40 This work
F-1,4-glucan CTPC? 21+£2  0.50+0.04 - [6]
a-1,4-glucan ATEC 33+3  0.36+0.02 0.46 [27]
a-1,4-glucan ATBC 75+5 0.26+0.01 0.52 [26]
a-1,4-glucan ATHC 75+2  0.29+0.02 0.53 [27]
a-1,4-glucan ATPC"® 22+2° 0.34+0.02¢ - [29]
a-1,4-glucan AAPC* 21+2° 0.34+0.02° - [56]
F-1,3-glucan CdTPC ¢ 57+5  0.39+0.02 - [57]

@ Cellulose tris(phenylcarbamate). ® Amylose tris(phenylcarbamate). © Amylose-2-acetyl-3,6-

bis(phenylcarbamate). ¢ Curdlan tris(phenylcarbamate). © In 1,4-dioxane.

4.2. Main chain and side group dependent local helical structure and chain stiffness

The obtained chain stiffness of CTBC is 50% larger than that for CTEC and the % value is
smaller than those for the other cellulose derivatives.  This is similar behavior of the
corresponding amylose derivatives. We may thus presume that the local helical structure of
CTBC may be somewhat tighter than those for the other cellulose carbamate derivatives as in
the case of ATBC. Slightly higher foya of CTBC supports this suggestion. Another significant
aspect is that CTODC has relatively large 4 and A™! values while fiyd is somewhat smaller than

those for CTEC and CTBC. This is most likely because bulkier side groups both extend and
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stiffen the main chain of CTODC, considering that similar main chain stiffening were found
for other polymers, such as polymethacrylates [58], polyolefins [59], and polysilanes [60, 61].
If we compare the main chain dependence of the chain stiffness, cellulose derivatives (CTEC,
CTBC, and CTPC) have similar or smaller chain stiffness 4! and fewer intramolecular
hydrogen bonds (fhya) than those for the corresponding amylose (ATEC, ATBC, and ATPC)
and curdlan derivatives (CdTPC) (see also [57]). This indicates that cellulose main chain (£~
1,4-glucan) does not tend to form regular helical structure comparing with amylose (a-1,4-
glucan) and curdlan (f-1,3-glucan). The local helical structure of cellulose derivatives has
indeed more extended (% = 0.40 — 0.51 nm) than those for amylose (0.26 — 0.36 nm) and curdlan
(0.39 nm). The lower solubility of cellulose alkylcarbamates, especially CTEC and cellulose
tris(n-hexylcarbamate) (CTHC), is possibly due to the hydrogen bonding feature because the
residual free polar groups of cellulose alkylcarbamates may tend to form intermolecular

hydrogen bonds with other polymer chains.

5. Conclusion

The Kuhn segment length A°!, the helix pitch per residue 4, and number fraction of
intramolecular hydrogen bonds of C=0 groups fnyd in THF at 25 °C were determined for three
cellulose alkylcarbamates (CTEC, CTBC, and CTODC) with different alkyl side chain length.
The chain stiffness of CTBC has higher than that for CTEC as is the case with amylose
derivatives, suggesting length of alkyl side chains plays an important role to form local helical
structure.  On the other hand, bulkier side groups of CTODC tend to stiffen and extend the
main chain. The range of chain stiffness of investigated cellulose derivatives are in the range
between 16 and 25 nm, which do not exceed the values known for cellulose and other cellulose

derivatives as mentioned in Introduction. These results indicate that the intramolecular
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hydrogen bonds between NH and C=0 groups on the neighboring repeat units of cellulose
alkylcarabamate derivatives somewhat stiffen the main chain but it is still insignificant

comparing with other polysaccharide carbamate derivatives, that is, amylose and curdlan.
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Graphical Abstract

“Dimensional and hydrodynamic properties of cellulose tris(alkylcarbamate)s in solution:

Side chain dependent chain conformation in tetrahydrofuran”

by XinYue Jiang, Akiyuki Ryoki, and Ken Terao*
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Hightlights

- Three cellulose alkylcarbamates (CTACs) with different side chain length behaves as

semiflexible chains in solution.

- Solubility to common organic solvents is lower than those for amylose derivatives (ATACs)

having the same side groups.

- Intramolecular hydrogen bonds is somewhat fewer than those for the corresponding ATACs

in solution.
- Chain stiffness of the CTACs in solution is lower than that for the corresponding ATACs.

-More extended local helical structure was found comparing with ATACs.
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