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Pullulan tris(n-butylcarbamate) (PTBC) and pullulan tris(ethylcarbamate) (PTEC) samples with different weight-
average molar masses M,, were prepared from pullulan samples with varying chain lengths. Size-exclusion
chromatography equipped with multi-angle light scattering detectors (SEC-MALS), small-angle X-ray scat-
tering (SAXS), and viscometry were performed on the samples in tetrahydrofuran (THF) at 25 °C to determine
My, form factor P(q), radius of gyration Rg, second virial coefficient, and intrinsic viscosity [5]. Infrared ab-
sorption measurements were also conducted to investigate the intramolecular hydrogen bonding between the
C—O0 and NH groups on adjacent monomer units. The obtained P(q), Rg, and [57] data were analyzed using the
wormlike chain model with excluded volume effects, primarily to determine the contour length per monomer
unit and the Kuhn segment length Lk, a measure of chain stiffness. The latter parameter L values were found to
be 10 nm and 8 nm for PTBC and PTEC, respectively. The resulting chain stiffness was significantly lower than
that of the corresponding amylose derivatives. Notably, PTBC and PTEC exhibited few intramolecular hydrogen
bonding, in contrast to previously investigated amylose derivatives. This characteristic feature suggests that the
free polar groups in pullulan derivatives could offer potential applications as macromolecular recognition
materials.

1. Introduction characterize the polymer chains.

Polysaccharides and their derivatives are good model polymers

The global conformation of polymer chains in solution is one of the
most important properties because it is related to the viscosity and
viscoelastic properties of polymer solutions as well as the solubility of
polymers. The relationship between the global conformation and the
chemical structure of polymers has therefore been widely investigated in
terms of the rotational isomeric state (RIS) model [1,2]. This method has
been successful for flexible polymers in organic solvent systems [3],
while polymer-solvent interactions can cause significant changes in
polymer dimensions. On the other hand, it is not easy to predict the
polymer dimensions when the polymer backbone has a semiflexible or
rigid nature, because the weak bending as well as some specific con-
formations such as kinks can influence the global conformation of the
polymer chain. In this case, the wormlike chain [4], or more generally,
the helical wormlike chain [5], is a good model to describe and
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because, unlike vinyl polymers, the repeat unit is perfectly uniform. An
example is the polyglucans, which show significantly different solubil-
ities between cellulose ($-1,4-glucan), amylose (a-1,4-glucan), curdlan
(p-1,3-glucan), dextran (a-1,6-glucan), and pullulan (e-1,4-; a-1,6-
glucan). Among these polysaccharides, only dextran and pullulan are
soluble in water over a wide molar mass range. Historically, phenyl-
carbamate derivatives of polysaccharides have been well investigated
[6-22] to determine molar mass as well as dimensional properties in
solution due to their high solubility in common organic solvents and
almost no chain scission during preparation. Because the polar groups
tend to form intramolecular hydrogen bonding [23,24], cellulose and
amylose phenylcarbamates are known to have relatively high chain
stiffness [6,19,24]. Later, carbamate derivatives of polysaccharides were
found to be useful as chiral stationary phases for chiral HPLC [25-29].
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This may be related to the high chain stiffness and regular helical
structure of polysaccharide derivatives, as deduced from the comparison
of chiral separation ability with nonlinear polysaccharide derivatives
[30-35].

Amylose and cellulose alkylcarbamates are well soluble in various
organic solvents [36]. Recently, we demonstrated the relationship be-
tween local helical structures and chain stiffness for alkylcarbamates of
amylose [37-40] and cellulose [41] in organic solvents. In particular,
the rigid helical structure of the amylose alkylcarbamates with short side
chains was found to be stabilized by the intramolecular hydrogen
bonding [36,42] while the cellulose carbamates have less hydrogen
bonding and lower chain stiffness than those of the amylose derivatives
[41]. If this difference is due not only to hydrogen bonding between
adjacent glycosidic groups but also to the continuous helical structure of
a-1,4-glucan, pullulan alkylcarbamate may have different local confor-
mational features compared to amylose alkylcarbamates. In this regard,
although pullulan has a much higher solubility than amylose and cel-
lulose, especially in water, we found in our preliminary investigation
that pullulan octadecylcarbamate was much less soluble in common
organic solvents than the former two polysaccharide derivatives.
Consequently, we investigated the dimensional, hydrodynamic, and
spectroscopic properties of samples of pullulan alkylcarbamates, whose
chemical structure is shown in Fig. 1, in tetrahydrofuran (THF). The
resulting data were analyzed in terms of the wormlike chain to reveal
the relationship between conformational features and intermolecular
interactions in the solvent.

2. Experimental section
2.1. Preparation of PTBC and PTEC samples

Pullulan tris(alkylcarbamate) samples were synthesized in the
manner previously reported for amylose alkylcarbamate derivatives

[37]. A commercially available pullulan sample (Nagase Viita Co.,
Japan) was selected for this study. Fractional precipitation was

Pullulan tris(n-butylcarbamate)s (PTBC) : R = C4Hq
Pullulan tris(ethylcarbamate)s (PTEC) : R = CoHj5
Pullulan tris(n-octadecylcarbamate)s (PTODC) : R = C4gH37

Fig. 1. Chemical structures of pullulan tris(ethylcarbamate) (PTEC), pullulan
tris(n-butylcarbamate)  (PTBC), and pullulan tris(n-octadecylcarba-
mate) (PTODC).
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performed on the sample to obtain different molar mass samples with
weight-average molar mass M,, ranging from 60 to 900 kg mol%. A
typical procedure for the synthesis of a pullulan tris(n-butylcarbamate)
(PTBC) sample is described as follows.

Pullulan (1.0 g, 6.2 mmol per glucose unit) and LiCl (Tokyo Chemical
Industry (TCI), Japan) (1.1 g, 24 mmol) were dried in a vacuum desic-
cator at 70 °C for at least 72 h over P05 (Fuyjifilm Wako Pure Chemical
Co. (Fyjifilm), Japan). The resulting pullulan and LiCl were added to N,
N-dimethylacetamide (dehydrated grade, Fujifilm) (22 cm3) at 95 °C
under a nitrogen atmosphere and stirred with a magnetic bar for 12 h to
completely dissolve the pullulan. Pyridine (dehydrated grade, Fujifilm)
(25 cm®) and an excess amount of n-butyl isocyanate (TCI) (5.5 g, 55
mmol) were added to the mixture and stirred to complete the reaction
for 12 h. The resulting solution was poured into a large volume of water
to precipitate the crude PTBC. The product was purified by successive
fractional precipitation with methanol as solvent and water as
precipitant.

Pullulan tris(ethylcarbamate) (PTEC) and pullulan tris(n-octade-
cylcarbamate) (PTODC) were also synthesized with ethyl isocyanate
(TCD) and n-octadecyl isocyanate (TCI), respectively. Solubility tests
were performed for PTEC, PTBC, and PTODC in common organic sol-
vents. The solubility results are summarized in Table 1 along with
literature data for amylose and cellulose tris(alkylcarbamate)s, amylose
tris(ethylcarbamate) (ATEC) [39,40], amylose tris(n-butylcarbamate)
(ATBC) [37,38,40], amylose tris(n-octadecylcarbamate) (ATODC) [40],
cellulose tris(ethylcarbamate) (CTEC) [41], cellulose tris(n-butylcarba-
mate) (CTBC) [41], and cellulose tris(n-octadecylcarbamate) (CTODC)
[41]. PTEC and PTBC exhibited solubilities comparable to the corre-
sponding amylose and cellulose derivatives. In contrast, PTODC
demonstrated a significantly lower solubility compared to ATODC and
CTODC. As no suitable solvent could be identified for PTODC, subse-
quent solution characterization was performed only for PTEC and PTBC.

The chemical structures of PTBC and PTEC samples were confirmed
by ' NMR (JNM-ECZ500 spectrometer, JEOL) in CDCl3 and elemental
analysis (CHN coder MT-6, YANACO). The results are summarized in
Fig. S1 and Table S1 in the Supporting Information. The degree of
substitution (DS) of the samples was calculated to be in the range of
3.1-3.5 from the weight ratio Wyn/W¢ of nitrogen to carbon, as sum-
marized in Table 2, indicating complete substitution (DS = 3).

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

SEC-MALS measurements were performed on the PTBC and PTEC
samples using a DAWN DSP multi-angle light scattering photometer
(Wyatt Technology Corporation, USA) with a He-Ne laser (wavelength
Ao = 633 nm in a vacuum) and an RI-4030 refractive index detector
(JASCO Corporation, Japan). A KF-G 4A guard column and a KF-806 M
column (Shodex Co., Japan) were connected in series with the column
temperature set at 40 °C. A sample loop of 100 pL was used, and the flow
rate was set at 0.5 mL min~. The mass concentration ¢ range of the
injected solution was between 2.5 and 3.5 mg cm™~>. We have confirmed
that the M,, value of a polystyrene standard sample, as evaluated by the
instrument, matches the nominal value.

The specific refractive index increment on/dc values were measured
using a modified Schulz-Cantow type differential refractometer (Shi-
madzu Co., Japan). The excess refractive index An was measured at three
wavelengths (19 = 436, 488, 546 nm) for three c. The dn/dc value was
determined for each A from the slope of the line (Fig. S2). The dn/dc
values in THF at 25 °C at J of the following light scattering instruments,
were estimated from the linear relationship between dn/dc and ig>
(Fig. S3).

The excess scattering intensity and refractive index data were
analyzed using square-root Zimm plot (Berry plot [43]) to estimate the
weight-average molar mass My, and the z-average radius of gyration Ry,
as a function of the elution volume V. (Fig. 2). The M, values at high V,
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Table 1

Solubility of pullulan, amylose, and cellulose tris(alkylcarbamate)s in organic solvents at room temperature.
solvent PTEC ATEC? CTEC" PTBC ATBC® CTBC" PTODC ATODC’ cronc®
chloroform S S S S S S I S S
THF S S S S S S I S S
MeOH S S S S S S I I I
2-PrOH S S 1 S S S 1 1 I
1-PrOH S S I S S S I I I
toluene S I S S I S
acetone S S S S I I
MTBE I I S S 1 S

S: soluble. I: insoluble. MTBE: tert-butyl methyl ether.
2 Ref. [39,40].

® Ref. [41].
¢ Ref. [37,38,40].
4 Ref. [40].
Table 2
Molecular characteristics of PTBC and PTEC samples in THF at 25 °C.
sample DS*  M,"/kg P Ry, AxY/107% em® [
mol ! nm mol g2 /em?®
g—l
PTBC780K 3.3 780 1.6 558"  ND.* 219
PTBC300K 3.4 302 1.3 20.9¢ 2.5 96.3
PTBCI30K 3.1 126 1.2 135¢ 3.2 49.2
PTEC840K 3.5 836 1.5 45.8" N.D.¢ 141
PTEC320K 3.4 317 11 1827 24 74.8
PTEC210K 3.4 206 1.1 14.1¢ 2.4 52.5
# Elemental analysis.
® SEC-MALS.
¢ Defined as My,/M,,.
4 SAXS.

¢ Not determined.
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Fig. 2. Elution volume V. dependence of the weight-average molar mass M,
(unfilled circles), the z-average mean-square radius of gyration Ry, (unfilled
triangles), and the polymer mass concentration ¢ (solid, dashed, and dot-dashed
curves) for PTBC and PTEC in THF at 25 °C.

are not shown because they are less accurate due to low scattering in-
tensity, as illustrated in Fig. S4. Additionally, only the Ry, values from
the first half of the peak are shown in the figure since the data for the
second half of the peak tend to be affected by high molar mass compo-
nents. The obtained My, Ry, and the dispersity index D (= My,/M, with

M, being the number-average molar mass) for each sample are shown in
Table 2. It should be noted that the M;, and consequently the D values
can be affected by the SEC separation. As shown in Fig. 2 and Fig. 54, the
M,, values are not completely consistent at the same V,, most likely due
to non-ideal SEC separation. Therefore, the M, and P values are
considered less accurate than the M,, values.

2.3. Small-angle X-ray scattering (SAXS)

SAXS measurements were carried out for PTBC300K, PTBC130K,
PTEC320K, and PTEC210K in THF at 25 °C at the BL40B2 beamline in
SPring-8 (Hyogo, Japan). Test solutions with four different ¢ ranging
from 2.5 to 12.5 mg cm ™3 were prepared for each sample and measured
in a quartz glass capillary with a diameter of 2 mm. The wavelength 1,
camera length (sample-to-detector distance), and accumulation time
were set to 0.10 nm, 4.2 m, and 180 s, respectively. The scattered X-ray
was detected using a Dectris Pilatus 3 2 M photon counter. The absolute
value q of the scattering vector at each pixel of the detector was deter-
mined from the Bragg reflection of silver behenate placed at the sample
cell. The scattering intensity I(q) at ¢ was obtained by circular averaging
the two-dimensional data for the solutions at four different ¢ and a
solvent using exactly the same quartz capillary cell. The scattering in-
tensities for the solution and solvent were compensated by the intensity
detected downstream of the cell to evaluate the excess scattering in-
tensity AI(q) as a function of q. The double logarithmic plots of AI(q)/c
vs. q in Fig. S5 show almost no ¢ dependence of AI(q)/c except in the low
q range, suggesting good solubility as well as substantially no concen-
tration dependence of the conformation of the polymer chains. A
decreasing AI(q)/c with increasing c in the low g range is typical for
linear polymers in good solvent systems. The square-root Zimm plot
(Berry plot [43]) was therefore utilized for extrapolation to zero g and ¢
to determine Ry ;, the second virial coefficients A, and the form factor P
(q). The resulting Berry plots are presented in Fig. S6, and the obtained
Ry, and A; values for each sample are summarized in Table 2.

2.4. Viscometry

Solvent and solution viscosities for PTBC780K, PTBC300K,
PTBC130K, PTEC840K, PTEC320K, and PTEC210K in THF at 25 °C were
measured using a custom-made Ubbelohde-type viscometer, whose flow
rate of THF was approximately 180 s. The intrinsic viscosity [n] was
determined from the Huggins and Mead-Fuoss plots as illustrated in
Fig. S7. The resulting Huggins constant values were in the range of
0.25-0.36 for PTBC and 0.34-0.38 for PTEC, suggesting sufficient sol-
ubility of the samples in THF.

2.5. Infrared (IR) absorption

IR absorption measurements for PTBC300K and PTEC320K in THF at
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25 °C (¢ = 15 mg cm™>) were conducted using a FT/IR-4200 spec-
trometer (JASCO, Japan) with a CaF; solution cell with an optical path
length of 0.05 mm.

3. Results and discussion
3.1. Dimensional and hydrodynamic properties in THF

Fig. 3 shows the molar mass dependence of R ; for PTBC and PTEC in
THF at 25 °C, together with data for amylose tris(alkylcarbamate) with
the same side chain. The data points for PTBC and PTEC follow straight
lines with Ré,z =1.0 M%! and Ré,z = 0.50 My, 1'2, respectively, when the
power-law relationship was applied to the current data as shown in
Fig. §8. This is typical behavior of flexible polymers in good solvents.
Both the data points and the slope for PTBC and PTEC are smaller than
those for the corresponding amylose derivatives at the same My, indi-
cating that the main chain of pullulan carbamates is more flexible than
that of the corresponding amylose derivatives.

Fig. 4 illustrates the molar mass dependence of [1] for PTBC and
PTEC in THF at 25 °C, with the data for the corresponding amylose
derivative. The data points are well described by straight lines, with [#]
= 3.1 x 1073M%82 for PTBC, and [7] = 1.1 x 1072M%7° for PTEC as
shown in Fig. S8, indicating that both PTBC and PTEC behave as typical
semiflexible polymers in good solvents. As in the case of Ry ;, the smaller
[n] values and the weaker slope for the pullulan carbamates at the same
M,, indicate a more flexible backbone.

To compare the current dimensional and hydrodynamic data for
pullulan carbamates with literature data for pullulan in water [44-48],
both Ry ; and [#]Mj are plotted against My,/M in Fig. 5, where M is the
molar mass of the repeating unit. Significantly higher values for both
physical properties of pullulan carbamates clearly indicate the high
chain stiffness, and the chain stiffness tends to be more significant with
increasing side chain length.

The dimensional and hydrodynamic properties mentioned above
indicate that both PTBC and PTEC behave as semiflexible chains in THF.
In order to estimate the chain stiffness of semiflexible polymer chains in
good solvent systems, intramolecular excluded volume effects should be
considered with the quasi-two-parameter (QTP) theory [5,49,50].
Considering that the excluded volume effect becomes negligible with
decreasing My, the form factor P(q) for the low M, samples is suitable to
estimate the chain stiffness. The Holtzer plot (Fig. 6), where qP(q) is
plotted against g, for both PTBC and PTEC samples shows a mostly flat
region in the middle and high g range, corresponding to the region
where P(q) is proportional to g~!. This is known as the Holtzer plateau,
where the absolute value is inversely proportional to the contour length
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L. On the other hand, the significant peak in the low q region indicates
chain flexibility.

The experimental P(q) data were analyzed in terms of the touched-
bead wormlike chain model. The theoretical P(q) can be written as [5,
51,52].

_ 2\° . qdy  qdy qdy 2
P(q) _9(q7b) (smT - 7c037) Po(q)

where d;, and Py(q) denote the diameter of the touched-bead (a measure
of the chain thickness) and the form factor for the thin wormlike chain.
Py(q) can be related to the characteristic function I(Lgg; t/Lg) with the
contour length L and the Kuhn segment length Lk as

(€8]

L
Py(q) :L%/o (L—t)I(Lkq; t/ Lx)dt 2)

The numerical values for I(Lgg; t/Lx) were calculated in terms of the
Nakamura-Norisuye scheme [53,54] for the given L and Lk, where Lk is a
measure of chain stiffness and twice the persistence length. Thus,
theoretical P(q) can be calculated with the three parameters of L, Lx, and
dp. A curve fitting procedure was employed for the data to determine the
three parameters. The theoretical solid curves in Fig. 6 reproduce the
experimental data almost quantitatively. The resulting values are sum-
marized in Table 3, where the molar mass per unit contour length My, (=
M,,/L) is given instead of L.

The radius of gyration Ry for perturbed wormlike chains can be
calculated by combining QTP theory [5] and the Benoit-Doty equation
[55] for the unperturbed wormlike chain. We chose the Domb-Barret
function [56] for the relationship between the radius expansion factor
as and the scaled excluded volume parameter z [5]. In this scheme, R,
can be calculated as a function of molar mass from the three parameters,
M, Lk, and the excluded volume strength B defined by ﬂ/az, where #and
a denote the binary cluster integral representing the interaction between
a pair of beads in a polymer chain and the bead spacing, respectively.
However, the three parameters cannot be unambiguously determined
due to the limited M,, range. Consequently, assuming that My, and Ly are
determined from P(q), the experimental data can be well fitted by
theoretical curves (Fig. 3) calculated with the B values listed in Table 3.
The difference between the theoretical values with or without excluded
volume effect is insignificant at the My,’s for the lower two M,, samples
both for PTEC and PTBC, confirming the accuracy of the
above-mentioned analysis for P(q).

A similar analysis has been used for [#]. It is well known that the
combination of the QTP theory [5] and the recent theory for the
touched-bead unperturbed wormlike chain [5,57,58] can be used to
calculate the theoretical [5] with the parameters of My, Lk, dp, and B.

10* 1 F 3
g I | I |
: - - -
<10 1 ¥ 3
100 | | | | | | |
10! 10° 10° 10 10! 10° 10° 10*
M, / kg mol ™!

Fig. 3. M,, dependence of Ry, in THF at 25 °C for the pullulan alkylcarbamates. (a) PTBC (blue circles) and ATBC (red triangles) [37]. (b) PTEC (blue circles) and
ATEC (red triangles) [39]. Solid and dashed curves represent theoretical values for the wormlike chains with and without excluded volume effects, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. M,, dependence of [5] in THF at 25 °C for the pullulan alkylcarbamates. (a) PTBC (blue circles) and ATBC (red triangles) [37]. (b) PTEC (blue circles) and
ATEC (red triangles) [39]. Solid and dashed curves represent theoretical values for the wormlike chains with and without excluded volume effects, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. M,,/M, dependence of (a) Ry, and (b) [;71M, for PTBC (unfilled circles) and PTEC (filled circles) in THF at 25 °C with the literature data for and pullulan in

water at 25 °C [44-48].

Note that the Barret function [59] was utilized to calculate the viscosity
expansion factor aﬁ from Z. As in the case of Ry, when we assumed My,
and Lg from P(q), the remaining two parameters d,, and B were suc-
cessfully determined from the curve fitting shown in Fig. 4. The resulting
B from the two methods are in the same order. Considering that the two
expansion factors are not significant even at the highest My, as found in
Figs. 3 and 4 and furthermore, the molar mass dispersity could cause the
experimental Rg,, the small discrepancy in B may be acceptable. Ac-
cording to the QTP theory, Ay can be calculated from L, L, and B. The
calculated A, is quite close to the experimental values in Table 2. On the
other hand, it should be noted that different dy, values from P(q) and [#]
are reasonable because the former reflects the electron density profile of
the chain contour and the latter can be influenced by the solvated
molecules.

3.2. Comparison of wormlike chain parameters among pullulan
alkylcarbamates, the other polysaccharide derivatives and native pullulan

The evaluated wormlike chain parameters for PTBC and PTEC are
compared with pullulan [60] and the other polysaccharide butyl- and
ethylcarbamates [37,39,41] in Table 4, where h is the contour length per
monomer unit and is defined as My/My. Both PTBC and PTEC in THF
have appreciably larger Lk values i.e., higher chain stiffness, than pul-
lulan in aqueous media, suggesting that the side groups of PTBC and
PTEC hinder the internal rotation of the main chain somewhat. This is

reasonable, because significantly higher chain stiffness was observed for
amylose carbamate derivatives in methanol [37,39] than amylose in
dimethyl sulfoxide [61], where intramolecular hydrogen bonding was
not substantially detected in the solution-state IR spectra. On the other
hand, they are still much smaller than the previously investigated cel-
lulose and amylose derivatives in THF. A prior study [62] on
micro-Brownian motion suggested that the presence of a-1,6-glucosidic
linkages in pullulan chains may cause large segmental mobility. SAXS
measurements of oligo-pullulan in water also suggest that the presence
of a-1,6-glucosidic linkages induces bending of the main chain [63].
Even after derivatization, the presence of the a-1,6-glucosidic linkage of
the main chain allows a significant internal rotation compared to the
main chain composed only of the a-1,4 and f-1,4-glucosidic linkages.
This will be discussed in the next section in terms of the intramolecular
hydrogen bonding of PTBC and PTEC. While the h value for PTEC is
comparable to that of pullulan, a larger h value, but still shorter than the
square root (0.479 nm) of the mean square length of the vector spanning
each sugar residue [48,64], was evaluated for PTBC, suggesting that
longer side groups extend the local conformation of the polysaccharide
backbone. This side chain-dependent local conformational change has
also been observed for cellulose and amylose derivatives [40,41].

3.3. Intramolecular hydrogen bonding and local conformation in THF

We have previously mentioned that the rigid helical structure



Y. Matsumoto et al.

30 T T T T T [ T T T T [ T T T
(a)
208 -
= PTBC300K (4 =10) |
'EIO
=
T
o
=
P
=
S
520
S
z
= 10
O....I....I....I...

q/nm_1

Fig. 6. Holtzer plots for PTBC and PTEC samples in THF at 25 °C. Solid red
curves indicate theoretical values for the touched-bead wormlike chain with the

parameters in Table 3. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Table 3
Wormlike chain parameters for PTBC and PTEC in THF at 25 °C.
polymer method M;/nm 'kgmol™!  Lyg/nm dy/nm B/nm
PTBC P(q) 0.99 + 0.063" 10.0 £1.0 1.0+0.2
Ry 0.99 10.0 0.8 £0.2
[n] 0.99 10.0 0.8 +0.2 1.3+0.3
PTEC P(q) 1.09 + 0.040" 7.8+0.5 1.0+0.2
Ry 1.09 7.8 1.0+ 0.2
[n] 1.09 7.8 1.4+0.3 0.5+ 0.2

The + symbol indicates that the parameter range reproduces the experimental
values with consistent accuracy within that range.

? The mean values determined from either PTBC300K and PTBC130K or
PTEC320K and PTEC210K. The parameters for each sample are shown in
Table S2.

Table 4
Comparison of h and Lk values for polysaccharide tris(carbamate)s derivatives in
THF at 25 °C and pullulan in water at 25 °C.

glucan chain polymer h/nm Lg/nm Ref.
a-1,4-; a-1,6-glucan PTBC” 0.46 + 0.03 10.0 £ 1.0 This work
a-1,4-; a-1,6-glucan PTEC" 0.34 + 0.01 7.8 +£0.5 This work
a-1,4-glucan ATBC" 0.26 4+ 0.01 7545 [37]
a-1,4-glucan ATEC" 0.36 £+ 0.02 33+3 [39]
f-1,4-glucan CTBC" 0.40 + 0.02 25+1 [41]
p-1,4-glucan CTEC" 0.45 + 0.02 16.5+1 [41]
a-1,4-; a-1,6-glucan pullulan" 0.34 3.2 [60]

The + symbol indicates that the parameter range reproduces the experimental
values with consistent accuracy within that range.

@ In THF at 25 °C.

° In water at 25 °C.

stabilized by the intramolecular hydrogen bonding plays an important
role in the high chain stiffness of amylose alkylcarbamate in THF [37].
The intramolecular hydrogen bonding of polysaccharide carbamates can
be observed from the amide I band of the infrared absorption spectra of
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the solution. This band reflects the hydrogen bonding structure of the
carbonyl group on the carbamate groups [37,65]. Fig. 7 shows the
wavenumber dependence of the molar absorption coefficients & for
PTBC300K and PTEC320K at 25 °C in THF. The figure includes literature
data for amylose and cellulose tris(alkylcarbamate)s [37,39,41]. Only a
single peak at 1737 cm ! assigned to free carbonyl groups without
hydrogen bonding, was found for both PTBC and PTEC; note that the
small shoulder peak for PTBC and PTEC samples can be assigned to a
small amount of weakly hydrogen-bonded carbonyl group. This is in
contrast to the previously investigated amylose and cellulose derivatives
for which another appreciable peak for hydrogen-bonded carbonyl
group was found at 1698, 1700, 1714, and 1714 em ! for ATBC, ATEC,
CTBC, and CTEC, respectively, with those for the free carbonyl group
between 1737 and 1742 cm™'. The difference in hydrogen bonding
structure between pullulan and amylose derivatives clearly shows that a
sufficient number of continuous a-1,4-glucosidic linkages are mandatory
for the formation of intramolecular hydrogen bonds as well as the
resulting rigid helical structure of amylose derivatives. As pointed out in
our previous research, the local helical structure of amylose alkylcar-
bamates is determined by the packing structure of the alkyl chains inside
the helical main chain [39]. Since only two continuous a-1,4-glucosidic
linkages are not sufficient to form the helical structure, it can be
confirmed that almost no hydrogen bonding is formed for PTBC and
PTEC chains. This is consistent with the much smaller Lk values for the
current pullulan derivatives than for the corresponding amylose carba-
mates shown in Table 4. In other words, not only the a-1,6-glucosidic
linkages but also the a-1,4-glucosidic linkages have a low internal
rotational barrier compared to the amylose derivatives with continuous
a-1,4-glucosidic linkages as schematically illustrated in Fig. 8. This
lower ability to form intramolecular hydrogen bonding may be a reason
for the much lower solubility of PTODC as shown in Table 1.

4. Conclusions

Pullulan tris(ethylcarbamate) (PTEC) and pullulan tris(butylcarba-
mate) (PTBC) are well soluble in various organic solvents, including
tetrahydrofuran (THF). Both the dimensional and hydrodynamic radii of
PTEC and PTBC are much larger than those of pullulan at the same
degree of polymerization, while they are smaller than those of the cor-
responding alkylcarbamate derivatives of amylose and cellulose. Ana-
lyses in terms of the wormlike chain with the excluded volume effect
revealed that both PTEC and PTBC behave as semiflexible chains. The
Kuhn segment length was determined to be 8 and 10 nm for PTEC and
PTBC, respectively. The low chain stiffness is consistent with the low
amount of intramolecular hydrogen bonding observed from the IR
spectra. Comparison of the chain conformation between pullulan and
amylose alkylcarbamates revealed that continuous a-1,4-glucosidic
linkages are mandatory to form a rigid helical structure in solution. The
significantly different hydrogen bonding structure of polysaccharide
derivatives may play an important role in the molecular recognition
ability of polysaccharide derivatives, including chiral separation.
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