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ABSTRACT: Lyotropic liquid crystallinity was examined for 8 linear amylose tris(n-
octadecylcarbamate) (ATODC) samples ranging in the weight-average molar mass (My) from 25
kg mol ! to 1510 kg mol ! and 10 cyclic ATODC (cATODC) samples, My of which varies between
36 kg mol ! and 191 kg mol™!.  Appreciable cholesteric patterns were not observed in the
concentration range investigated. Diffraction data from small-angle X-ray scattering both for bulk
polymer samples at 160 — 180 °C and concentrated solutions at 25 °C indicate that no characteristic
peaks were found except for a broad diffraction reflecting the chain distance between the
neighboring polymer molecules. The phase boundary concentrations for ATODC and cATODC
in tetrahydrofuran (THF) and 2-octanone (MHK) were determined at 25 °C as a function of M,,.
The obtained phase diagram for ATODC was well fitted by a conventional scaled particle theory
(SPT) for the wormlike spherocylinder as in the case of the other stiff polymer systems. On the
other hand, when we assumed that cATODC chains form rodlike structure in the nematic phase,
the experimental data were successfully explained by a modified SPT, suggesting conformation of
cATODC in the nematic phase is different from that in dilute solution.

Key Words: Stiff chain, ring polymer, nanoring, liquid crystallinity, phase diagram, scaled particle
theory, small-angle X-ray scattering

Introduction

Anisotropic molecules, that is, not only rodlike but also other shaped molecules including
disks and bending rods, may form various kinds of liquid crystal phases.! Lyotropic liquid
crystallinity can be observed for rigid rodlike polymers including polypeptides, polyisocyanates,
polysaccharides, and their derivatives. ® Previous studies for lyotropic liquid crystallinity of
polymeric materials were however mostly limited to linear chains due to the difficulty to prepare
rigid nonlinear polymers except for supercoiled cyclic DNA* and three-arm star polymers.> ©



Taking into consideration that recent simulation work predicted specific smectic phase for rigid
nanorings,’ investigation for lyotropic liquid crystallinity of rigid ring polymers is so inviting.

We recently found that highly concentrated tetrahydrofuran (THF) solutions of cyclic
amylose tris(n-butylcarbamate) (cATBC) showed appreciable birefringence® while cATBC
behaves as rigid ring polymer with considerably high chain stiffness in THF.!! Lower phase
boundary concentrations were however desirable to discuss thermodynamics of rigid ring polymer-
solvent systems without experimental difficulties. According to the scaled particle theory (SPT)
for the linear wormlike chain, phase boundary concentrations become lower with increasing chain
thickness at fixed chain length and stiffness.? Indeed, phase boundary concentrations for amylose
alkylcarbamates tend to lower with increasing alkyl side chains from ethyl to hexyl groups in
THF.2 This suggests that linear and cyclic amylose tris(n-octadecylcarbamate)s (ATODC and
CATODC) for which chemical structures are shown in Chart 1 are suitable to investigate their
lyotropic liquid crystallinity since both ATODC and cATODC behave as stiff chains in solution.®
We thus determined their phase boundary concentrations in 2-octanone (MHK) and THF. Small-
angle X-ray scattering (SAXS) measurement was also carried out for bulk and concentrated
ATODC and cATODC solutions to determine the local alignment of polymer chains in the liquid
crystalline phase since they may also have thermotropic liquid crystallinity as in the case of
polysaccharide derivatives with alkyl side groups.416

Chart 1. Chemical Structures of (a) ATODC and (b) cATODC.

(a) ATODC (b) cATODC

Experimental Section

Samples. Previously investigated seven ATODC and four cATODC samples'® prepared
from enzymatically synthesized linear'” '® and cyclic!® 2° amylose samples, respectively, were
used for this study. The weight-average molar mass My, and the dispersity index P defined as the
ratio of My to the number-average molar mass are summarized in Table 1. An ATODC and six
cATODC samples were newly synthesized with the same procedure.'* The chemical structure was
confirmed by 'H-NMR in chloroform-d, infrared absorption, and ultimate analysis. Size-exclusion
chromatography equipped with multi-angle light scattering and refractive index detectors was
performed for the newly prepared samples with THF as an eluent to determine My and D. These
are also summarized in Table 1. The weight-average number of repeat unit can be calculated as
My/My with Mo (= 1.049 kg mol™1) being the molar mass per repeat unit. The resultant value
ranges from 23 to 1400 for ATODC and from 34 to 190 for cATODC.



Table 1. Weight-average Molar Mass Mw and the Dispersity Index P for ATODC and
cATODC Samples

Sample Mw (kg mol™) 2]

ATODC25K 24.6° 1.08°
ATODC38K 37.7° 1.08°
ATODC102K 102° 1.10°
ATODC155K 1552 1.25°2
ATODC164K 164 ° 1.18°
ATODC284K 2840 1.32°
ATODC852K 852 P 1.51°
ATODC1510K 1510° 1.47°
cATODC36K 36.1° 1.16°
CATODC45K 4532 1.18°2
CATODC49K 49.02 1.15%
cATODC58K 58.3 2 1.05°2
CATODC77K 77.1° 1.15°
cATODC89K 88.8 2 1352
cCATODC96K 95.9° 1.09 2
CATODC122K 122° 1.22°
cATODC170K 1702 1.132
CATODC191K 191° 1.15°

2 From SEC-MALS. ° Ref. 13.

Optical Microscopy and Small-Angle X-ray Scattering (SAXS). Thermal behavior was
observed for ATODC38K, ATODC155K, and cATODC77K by using a melting point measuring
instrument with Cross-Nicol optics with raising temperature. Weak birefringence was found
around 150 °C and it disappeared around 180 °C. Similar behavior cannot be observed for amylose
alkylcarbamates with shorter side chains in the temperature range investigated up to 210 °C since
the phase transition temperature is much higher than that for ATODC. However, this phase
transition behavior could not be observed by means of our DSC measurement. SAXS
measurement was carried out for ATODC38K, ATODC155K, ATODCS852K, cATODC49K,
cATODC77K, and cATODC170K at the BL40B2 beamline in SPring-8. The camera length and
the wavelength Ao of the incident X-ray were chosen to be 0.5 m and 0.077 nm, or 4 m and 0.1 nm,
respectively, to cover a wide range of the magnitude ¢ of the scattering vector. A PILATUS3S
2M silicon pixel detector (DECTRIS, Baden, Switzerland) was used to determine the
scattering intensity | as a function of q since no significant azimuth angle dependence was
observed. The same measurement was also performed for concentrated MHK solutions of
some ATODC and cATODC samples.



Phase Separation Experiments of Concentrated Solution. Concentrated solutions both
of ATODC and cATODC have two phase boundary concentrations, c; and ca. Here, ci is the phase
boundary concentration between isotropic and biphasic regions and ca is that between biphasic
and anisotropic regions. Phase separation experiments were therefore made for ATODC and
cATODC samples in MHK and THF at 25 °C. Concentrated solutions for which initial
concentration co was adjusted to be between ci and ca were prepared in a conical vial with a screw
cap in the following way. Cast film of each sample prepared from THF solution was weighed to
put into the vial and an appropriate amount of solvent was added. The co value was calculated
from the weight ratio of the solute to the solution taking the solution density calculated with the
partial specific volume ¥ into consideration. The ¥ value was determined to be 0.882 mL g ! and
0.884 mL g ! in MHK and THF, respectively, by using an Anton Paar DMA5000 densitometer.
We utilized a vortex mixer to dissolve the sample. Furthermore, the mixture was centrifuged by
using an angle rotor several times to knead and homogenize the solution around 30 °C; it should
be noted that the MHK solutions were heated to 65 °C to attain complete dissolution. The resultant
solution was further centrifuged with a swing rotor at 25 °C to attain two phase separation as shown
in Figure 1. The meniscus height was determined by using a traveling microscope to determine
the volume fraction @ c of the liquid crystal phase at fixed co. The vial was calibrated with water
to determine the relationship between volume and the meniscus height. While ATODC and
cATODC are the chiral polymers, cholesteric color was not observed, indicating even though these
systems have the cholesteric structure, the pitch is far from the wavelength of visible light.
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Figure 1. Photographs for coexistence phases of ATODC155K (@) (b) (co = 0.24 g cm™®) and
cATODC77K (c) (d) (co = 0.38 g cm~3) in tetrahydrofuran (THF) at 25 °C. Non-polarized images:
(a) and (c). Crossed-Nicols images: (b) and (d).

Results and Discussion

Structural Characteristics of Bulk and Concentrated Solutions. Figure 2 illustrates ¢
dependence of the scattering intensity / for bulk ATODC and cATODC samples at 180 °C; note
that substantially the same result was obtained at 160 °C. Only a broad peak is found at g = 2.08
nm™! for all the samples with a slight shoulder around 4 nm™'. No appreciable signal was found
in the lower g range down to ¢ = 0.03 nm™! as shown in Supporting Information. It should be
noted that upward trend at the highest ¢ is from the Kapton (polyimide) film set in the beamline.
The peak position corresponds to the d-spacing of 3.02 nm. This value is consistent with the chain
diameter of 3.2 nm estimated by the SAXS profile in dilute solution.'*> A similar broad peak was
also found for concentrated MHK and THF solutions of ATODC and cATODC at somewhat lower
g range. The actual g value at the peak slightly depends on the sample and concentration, that is,
g=1.6—1.7nm ! for ATODC in MHK (0.31 <¢/gmL! <0.40), g= 1.6 — 1.8 nm™! for ATODC
in THF (0.25<c¢/gmL ' <0.40),¢g=1.6— 1.8 nm ! for cAATODC in MHK (0.45<c/gmL ' <



0.70), and ¢ = 1.7 — 2.1 nm! for cATODC in THF (0.45 < ¢ / g mL™!' < 0.50); note that the
concentration were not very accurate because it was hard to prepare uniform solution in the
capillary cell. This range ¢ = 1.6 — 2.1 nm ™! is converted to the d-spacing of 3.0 — 4.0 nm which
is similar or slightly larger than that for bulk at high temperature. Furthermore, no appreciable
peak was found at low-g region (¢ >0.03 nm™!). These results indicate that no significant structure
such as smectic superstructure exist in the current system and furthermore local alignment of the
polymer chains are not very different between linear and cyclic chains.
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Figure 2. Plots of scattering intensity | versus the magnitude q of the scattering vector for the
indicated samples at 180 °C. A dashed line, g = 2.08 nm™,

Phase Diagram of Lyotropic Systems. Results from phase separation experiments for
ATODC and cATODC in the two solvents are summarized in Figure 3, in which c¢o values are
plotted against the volume fraction ®ic of liquid crystal phase. Two phase boundary
concentrations ¢y and ca were estimated as extrapolated values to @ c =0 and 1, respectively. The
obtained data are plotted against the weight-average molar mass M, in Figure 4. The phase
boundary concentrations for linear ATODC samples are the slight decreasing function of My. This
is a typical feature of semiflexible linear polymers in solution.? The data for ATODC in THF are
appreciably smaller than those for the other amylose alkylcarbamate derivatives with shorter alkyl
side chain. The phase boundary for the cyclic chains are quite higher than the linear chains, which
is similar tendency with that for star branched chains> ® while the M, dependence seems to be
more fluctuating.
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Figure 3. Plots of co versus ®c for ATODC in MHK (a), ATODC in THF (b), cATODC in MHK
(c), and cATODC in THF (d) all at 25 °C. For panels (a) and (b), ATODC25K (unfilled circles),
ATODC38K (filled circles), ATODC102K (unfilled triangles), ATODC155K (filled triangles),
ATODC164K (unfilled inverted triangles), ATODC284K (filled inverted triangles),
ATODCS852K (unfilled squares), ATODC1510K (filled squares). For panels (c) and (d),
CATODCA45K (unfilled circles), cCATODCA49K (filled circles), cCATODCS58K (unfilled triangles),
CATODCT77K (filled triangles), cCATODCBS89K (unfilled inverted triangles), CATODC96K (filled
inverted triangles), cATODC122K (unfilled squares), cATODC170K (filled squares),
CATODCI191K (unfilled diamonds).
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Figure 4. My dependence of ¢, (unfilled symbols) and ca (filled symbols) for ATODC (blue
squares) and cATODC (red circles) in MHK (a) and in THF (b) at 25 °C.



Analysis of the Phase Diagram of Linear ATODC-Solvent Systems. We thus analyzed
the phase diagram for linear ATODC in the two solvents in terms of the scaled particle theory
(SPT) for the wormlike spherocylinder model,? 2 22 which is characterized by the three parameters,
the contour length L, the cylinder diameter d, and the Kuhn segment number Nk which is related
to the Kuhn segment length ' as Nk = AL. According to Sato and Teramoto,” the mixing
Helmholtz energy AA of the solution including » hard spherocylinders with L, d, and Nk is
expressed as

AA/n = 1° +kgTR (¢',L,d, Ny, &) (1)
where °, ks, T, €', and « are the standard chemical potential, the Boltzmann constant, the absolute
temperature, the number concentration, and the degree of orientation, respectively; note that the
terms of Nk disappears in the isotropic phase. This theory is applicable not only for rigid synthetic
polymers but also polysaccharide derivatives.'® 2324 The helix pitch h per residue defined by h =
LMo/M,, was used instead of L to calculate ¢, and ca as a function of My. Assuming h and 47! from
dilute solution properties,*? that is, h = 0.36 nmand A% = 45 nm in MHK and h = 0.40 nm and A*
=24 nm in THF, d and « are needed to calculate AA at fixed wo, ¢’, and T. The theoretical value
can be evaluated as a solution of the following simultaneous equations with the osmotic pressure
IT and the chemical potential « of the spherocylinder

Hiso (CI ) =TIlhem (CA)7 Hiso (CI ) = Hnem (CA)’ OA/oa =0 (2)
where the subscripts iso and nem indicate the quantities of the isotropic and nematic phases,
respectively. When we choose d = 2.8 nm and 3.8 nm for ATODC-MHK and ATODC-THF
systems, respectively, the resultant theoretical values fairly explain the experimental phase

boundaries as shown in Figure 5. These d values are quite larger than the thermodynamic chain
diameter dv = 2.2 — 2.3 nm which is defined as

AM V
d, = f 0 3

while d and dy are close to each other for many other polymers? including amylose
alkylcarbamates with shorter side chains.? This is most likely because brush-like side alkyl chains
swell in the solvent. Indeed, similar discrepancy was also found for brush-like polystyrene in
dichloromethane.?® 26 The experimental biphasic region is somewhat wider than the theoretical
value. One of the possible reasons is a quite wide molar mass distribution of the current ATODC
samples. In any case, we conclude that phase boundaries of linear ATODC in the two solvents are
successfully explained by means of SPT and previously evaluated chain conformation in dilute
solution, and the lower phase boundaries than the amylose carbamates with shorter side chain is
mainly due to the thicker main chain.
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Figure 5. Comparison between experimental ¢, (unfilled squares) and ca (filled squares) for
ATODC in MHK (a) and in THF (b) at 25 °C and the theoretical values for c; (solid curve) and ca
(dashed curve) with the parameters listed in each panel.

Comparison with Theories: Cyclic ATODC-Solvent Systems. Since no applicable
theory to describe thermodynamics of semiflexible ring in concentrated solution, we compared the
phase diagram of cATODC in the two solvents with the Onsager theory for disk?’ with the diameter
dq and the length l4. According to the theory, the two phase boundary concentrations c; and ca can
be written as

¢, =5.41MNd;? [1+3-9(|d/0|d)+1-27(|d/0|d)1_1 @

c, =1.34c, (5)

where Na and M are the Avogadro number and the molar mass of the solute, respectively. In order
to apply this theory to the current ring polymer system, we assumed lg = d and dg = L/w + d as
illustrated in Figure 6. When we calculate L from the dilute solution properties and assume that d
is the same as that for the linear ATODC in the corresponding solvent, the resultant theoretical
values plotted in Figure 7 are substantially smaller than the experimental data. Furthermore, the
molar mass dependence is much more significant than the actual ring polymer.  This might be
because some part of actual ring polymers may exist inside the other ring chains, or conformation
of the cCATODC chain in the liquid crystalline phase is different from a rigid ring. According to
the recent simulation and theoretical studies, "8 rigid nanorings tend to form smectic phase in which
columnar superstructure was found consisting of cumulated rings. On the contrary, SAXS data
shown in the previous section indicate no significant diffraction reflecting such superstructures.
Furthermore, a broad peak for cCATODC at high g range was substantially the same as that for the
corresponding linear chain. These results predict that ;CATODC chains in the liquid crystal phase
form an extended conformation as shown in Figure 6¢. This rodlike conformation may be possible
because cycloamylose has rodlike conformation with antiparallel two helices in the crystalline
state.?®3%  Furthermore, superhelical cyclic DNA is rodlike* 3! and cyclic DNA forms rodlike
particle in polyplex micelles.3? 3 If the cyclic polymer chains form rodlike structure in the liquid
crystal phase, the phase boundary concentrations can be calculated by a simple expansion of SPT
for the linear chain as in the case of our recent study for a rigid star polymer.®
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Figure 6. Schematic representation of the chain conformation of cATODC chains in the isotropic
phase (a), in liquid crystal phase with disk-like conformation (b) and with rodlike conformation
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Figure 7. Comparison between experimental ¢, (unfilled squares) and ca (filled squares) for
CATODC in MHK (a) and in THF (b) at 25 °C and the theoretical values for ¢, (red solid curve)
and ca (red dashed curve) calculate in terms of the modified SPT. Black dot curve and dot dashed
curve indicate the theoretical values for the Onsager theory for the disk (see text).

We thus analyzed the phase diagram in terms of the modified SPT. Eq 1 is also applicable
to calculate A4 for cATODC in isotropic solution. When we assume the ring polymer forms the
extended conformation in liquid crystal phase as shown in Figure 6¢ with the effective contour



length Less and the effective chain diameter defr, A4 for liquid crystal cATODC solution can be
calculated with the following Fc instead of F

Fc =R (¢, Lefr . defr» Nk, @) + Ao (liquid crystal phase) (6)

Here, Ao is the additional orientation and conformational entropy to confine the cyclic chain in
the rodlike space. Assuming the wormlike chain parameters, h, A%, and d are the same as that for
ATODC in the corresponding solvent and Lefr = L/2, the remaining parameters are dess and Ao, If
we choose defs = 4.0 nm and Ao = 45 for the CATODC-MHK system and defs = 5.0 nm and Ao =
300 for the cATODC-THF system, the theoretical phase boundary concentration in Figure 7 fairly
explain the experimental phase diagram. The obtained des value is possible because it is ca. 1.3
times larger than d. The additional entropy term Acis larger than that for star polymer, that is, Ao
= 20 or 32 depending on the assumed conformation in the liquid crystal, possibly suggesting that
more compensation was needed to confine the cATODC chain in the extended rodlike
conformation comparing with the star polymer. It should be however noticed that slight difference
in A between linear and cyclic chains depicted in our previous papers,*t: 13 34 3 a5 well as
topological repulsive interactions® 3" may be included in the parameter Ac. The current SAXS
data as well as the analysis of the phase diagram of cCATODC in the two solvent systems suggested
that the extended rodlike conformation in the liquid crystal phase is preferable while it behaves as
wormlike ring in dilute solution. To confirm this specific conformational property, some other
method is desirable to determine the conformation in the concentrated anisotropic solution.

Conclusions

Isotropic-liquid crystal phase diagrams of linear and cyclic ATODC were determined in
the two solvent systems, MHK and THF. Structural characteristics both for linear and cyclic
chains determined by means of SAXS over a wide g range have substantially the same each other.
The phase boundary concentrations for linear ATODC in MHK and THF were successfully
explained by the scaled particle theory (SPT) for the wormlike spherocylinder. While the phase
diagram for cATODC samples cannot be explained by a disk model, it can be reproduced by a
modified SPT originally developed for a star polymer assuming the cyclic polymer chains form
rodlike conformation in the nematic phase.

Supporting Information
Additional SAXS data. This material is available free of charge via the Internet at
http://pubs.acs.org.
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Figure S1. Plots of scattering intensity / versus the magnitude ¢ of the scattering vector for the
indicated samples at 180 °C in the USAXS ¢ range.
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Figure S2. Plots of scattering intensity / versus g for ATODC102K (¢ = 0.4 g mL™"),
ATODC155K (c = 0.35 gmL™"), ATODC164K (c = 0.35 g mL™"), ATODC1510K (c = 0.35 g
mL 1), cATODC45K (c = 0.45 gmL™!), cATODC49K (c = 0.7 gmL™"), cATODC77K (c = 0.6
gmL ™), cAATODC170K (c = 0.6 g mL ™) all in MHK at 25 °C.
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Figure S3. Plots of scattering intensity / versus ¢ for indicated ATODC and cATODC samples in

MHK at 25 °C (USAXS range).
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Figure S4. Plots of scattering intensity / versus ¢ for ATODC25K (¢ = 0.4 gmL™"), ATODC102K
(c = 0.35 g mL™!), ATODC155K (¢ = 0.25 g mL!), ATODC164K (c = 0.28 g mL),
cATODC36K (c=0.45 gmL "), cATODC77K (¢ =0.5 gmL "), cATODC96K (c = 0.45 gmL™"),
cATODC170K (c = 0.45 g mL™!) all in THF at 25 °C.
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Figure SS5. Plots of scattering intensity / versus ¢ for indicated ATODC and cATODC samples in
THF at 25 °C (USAXS range).
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