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ABSTRACT:  Small-angle X-ray scattering and static and dynamic light scattering 

measurements were made for cyclic amylose tris(phenylcarbamate) (cATPC) of which weight-

average molar mass Mw ranges from 1.3  104 to 1.5  105 to determine their z-average mean 

square radius of gyration <S2>z, particle scattering function P(q), hydrodynamic radius RH, and 

second virial coefficient A2 in methyl acetate (MEA), ethyl acetate (EA), and 4-methyl-2-

pentanone (MIBK).   The obtained <S2>z, P(q), and RH data were analyzed in terms of the 

wormlike ring to estimate the helix pitch per residue h and the Kuhn segment length –1 (the 

stiffness parameter, twice of the persistence length).   Both h and –1 for cATPC in MEA, EA, 

and MIBK are smaller than those for linear amylose tris(phenylcarbamate) (ATPC) in the 

corresponding solvent and the discrepancy becomes more significant with increasing the molar 

volume of the solvent.   This indicates that not every rigid ring has the same local helical 

structure and chain stiffness as that for the linear polymer in the Mw range investigated while 

infinitely long ring chains should have the same local conformation.   This conformational 

difference also affects A2.  In actuality, negative A2 was observed for cATPC in MIBK at the  

temperature of linear ATPC whereas intermolecular topological interaction of ring polymers 

increases A2. 

Keywords: polysaccharide, small-angle X-ray scattering, wormlike chain, chain stiffness, helical 

structure 

 
■ INTRODUCTION 

How are ring polymer chains different from the corresponding linear chains?  When the 

chain is enough flexible and long, its local conformation should be essentially the same as those 

for the linear polymer.  But, if the chain has sufficient high stiffness with a finite chain length, 

the local curvature of rigid rings may influence the local conformation and then the 

intermolecular interactions.   Even though much work has been done for flexible ring polymers 

in dilute solution, that is, poly(dimethylsiloxane),1-2 polystyrene,3-10 and amylose,11-13 few rigid 

ring polymers have been reported except for some macrocyclic brushes14-16 and cyclic DNA.   

Thus, quantitative discussion for the conformational difference between non-flexible linear and 

ring polymers has not been reported yet except for superhelix formation of double helical cyclic 

DNA. 
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Recently, taking high chain stiffness of amylose carbamates17-18 into account, we prepared 

two quite rigid cyclic chains, that is, cyclic amylose tris(phenylcarbamate) (cATPC, Chart 1)19 

and cyclic amylose tris(n-butylcarbamate) (cATBC).20  Their dimensional and hydrodynamic 

properties in ethers and alcohols were successfully explained by the current theories21-22 for the 

wormlike ring with substantially the same molecular parameters for the corresponding linear 

polymer.   The chain stiffness ranges from 11 nm to 75 nm in the Kuhn segment length −1 

(twice of the persistence length) in terms of the wormlike chain.23  This high chain stiffness is 

mainly stabilized by the intramolecular hydrogen bonds of NH and C=O groups on neighboring 

units.18, 24-25  Indeed, the chain stiffness of linear amylose carbamates is significantly larger than 

those for typical flexible chains, that is, 2 nm for polystyrene in cyclohexane26 and 4 nm for 

amylose in dimethylsulfoxide.27   Furthermore, positive second virial coefficient A2 were 

observed for cATBC in 2-propanol at the  temperature.   The obtained A2 values were also 

explained by a current simulation result for wormlike ring28 which considers intermolecular 

topological interaction.  This apparently repulsive intermolecular interaction is caused by that the 

two discrete rings may not become linked rings without cutting at least one covalent bond of the 

main chain.29-30  Consequently, above mentioned specific behavior on rigid ring polymers were 

not seen in spite of the high stiffness, and therefore, the behavior might be found for some other 

ring polymers of which local conformation is more effectible by the environment. 

We recently suggested that NH groups of linear amylose tris(phenylcarbamate) (ATPC) in 

ketones and esters form intermolecular hydrogen bonding with the C=O group of the solvent 

molecules.  The main chains are appreciably extended and stiffened because the NH groups of 

ATPC locate inside surrounded by the main chain and the other phenyl groups.   This behavior is 

detectable as increases both of −1 and the helix pitch per residue h.31-32  Indeed, the effect 

becomes more significant with increasing the size of solvent molecules, that is, methyl acetate 

(MEA) < ethyl acetate (EA) < 4-methyl-2-pentanone (MIBK).  Thus, we expected that the finite 

curvature of our cATPC samples may influence the hydrogen bonding behavior and hence the 

local helical structure and the chain stiffness would be different from those for linear ATPC. 

To elucidate the dimensional behavior of cATPC chains in such solvents, small-angle X-

ray scattering (SAXS) and static and dynamic light scattering measurements were carried out for 

cATPC samples in MEA, EA, and MIBK to compare their dimensional and hydrodynamic 

properties with those for the linear polymer.   Since the three solvents are the  solvent of linear 

ATPC of which  temperatures were estimated to be ~25 C,31 33 C,31 and 58 C (see Figure 5) 

in MEA, EA, and MIBK, respectively, A2 was also determined around the  temperature to 

ascertain whether the difference in the local conformation affects the intermolecular interactions. 

 

 
Chart 1.  Chemical Structures of Cyclic Amylose Tris(phenylcarbamate) (1, cATPC) and 

Solvents: Methyl Acetate (2, MEA), Ethyl Acetate (3, EA), and 4-Methyl-2-pentanone (4, 

MIBK). 
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■ EXPERIMENTAL SECTION 
Samples and solvents.   Previously investigated 6 cATPC samples19 ranging in the 

molar mass from 1.3  104 to 1.5  105 were used for this study.   These samples were prepared 

from enzymatically synthesized cyclic amylose in the manner reported previously13, 33 and the 

weight-average molar mass Mw of each sample was determined.   The degree of substitution 

(DS) and the dispersity index (DI) defined as the ratio of Mw to the number-average molar mass 

Mn were estimated to be 3.0  0.2 and 1.13  0.08, respectively.  Five linear ATPC samples, 

ATPC20K, ATPC50K, ATPC300K, ATPC500K, and ATPC800K of which molecular 

characteristics (Mw, DS, and DI) were listed in ref 25 were also used in this study.  One more 

linear ATPC sample ATPC3M-2 was further prepared from enzymatically synthesized linear 

amylose having quite narrow DI (~1.1) and no branching with the same methods reported 

previously.25  The values of Mw and DS were determined to be 2.97  106 and 3.0, respectively,  

The following four solvents, MEA, EA, MIBK, and 1,4-dioxane (DIOX) were purified by 

fractional distillation over calcium hydride.    

Small-angle X-ray Scattering.   Synchrotron radiation SAXS measurements were 

performed for all the cATPC samples in MEA at 25 C, in EA at 33 C, and in MIBK at 25 C 

and 58 C and for ATPC20K and ATPC50K in MIBK and DIOX both at 58 C.   Four solutions 

with different polymer mass concentration c for each sample were measured to determine the z-

average mean-square radius of gyration <S2>z and the particle scattering function P(q).   As X-

ray sources, the BL40B2 beamline in SPring-8 (Hyogo, Japan) or the BL-10C beamline in KEK-

PF (Ibaraki, Japan) were used in this study.  The scattered light was detected by using a Rigaku 

R-AXIS VII imaging plate detector.   The wavelength was set to be 0.10 nm (SPring-8) and 0.15 

nm (KEK-PF).  The used camera lengths are 1500 or 4000 mm (SPring-8) or 2000 mm (KEK-

PF).    The magnitude of the scattering vector q at each pixel on the imaging plate was 

determined from the diffraction pattern of silver behenate.   The scattering intensity at each q 

was determined from the circular average of the pixels having substantially the same q.   The 

obtained scattering intensity I(q) was analyzed in terms of the Guinier plot for cATPC samples 

and the Berry plot for linear ATPC samples to determine P(q) and <S2>z (see Figure S1 in 

Supporting information for the plots).  See ref. 20 for more details of experimental procedures 

and data analyses. 

Static and Dynamic Light Scattering.   Light scattering measurements were made for 

cATPC samples in the three solvents on an ALV/DLS/SLS-5000 light scattering photometer 

equipped with an ALV-500E/WIN photon correlator.   Static light scattering measurements were 

carried out for the following samples, solvents, and temperatures: cATPC50K and cATPC80K in 

MEA at 25 C, cATPC50K, cATPC80K, and cATPC150K in EA between 25 C and 45 C, 

cATPC50K, cATPC80K, ATPC500K, and ATPC3M-2 in MIBK between 25 C and 60 C.   

Dynamic light scattering measurements were carried out for cATPC50K and cATPC80K in 

MEA at 25 C, in EA at 33 C, and in MIBK at 58 C, and cATPC150K in EA at 33 C.  The 

obtained data were analyzed by using the plots of ln[g(2)(t) − 1] vs q2t to determine the first 

cumulant  (Figure S2 in Supporting Information), where g(2)(t) denotes the normalized 

autocorrelation function of scattering light intensity at time t.  The hydrodynamic radius RH was 

calculated by means of the Stokes-Einstein equation from the translational diffusion coefficient, 

which was determined by the extrapolation of /q2 to c = 0 and q2 = 0. 
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■ RESULTS AND DISCUSSION 
Chain Dimensions and Wormlike Chain Analysis.   The Holtzer plots, qP(q) vs q, are 

illustrated in Figure 1 for the cATPC samples in MEA at 25 C, in EA at 33 C, and in MIBK at 

25 C and 58 C.   The P(q) data for each sample are essentially independent of the solvent and 

temperature investigated, suggesting that the local conformation does not depend significantly on 

the solvent.   While theoretical formulation of P(q) for wormlike ring has not been reported yet, 

P(q) for rigid ring having cylindrical cross section (torus) can be written as19 

 

( )
2

2

0 1
0

sin
4 sin

2 2

L q d q
P q J J d q d

 
 



    
=     

    
     (1) 

 

where, d is the diameter of the cylinder, Jn(x) the Bessel function of the n-th order, and L the 

contour length, which is related with the molar mass per unit contour length ML as 

 

LMML =         (2) 

 

Here, M denotes the molar mass of the torus.  We recently showed that the theoretical P(q) for 

the rigid ring reproduces the experimental data consistently except for the data at lower q region 

for high molar mass samples, at which flexibility of the main chain may significantly affects the 

value of P(q).   If we assume log-normal distribution34 and appropriate DI, that is, Mw/Mn = 1.05 

and 1.2, each P(q) is mostly reproduced by the theoretical values except for low q range for 4 

high Mw samples.   It should be noted that the theoretical P(q) for monodisperse rigid ring cannot 

reproduce the experimental data since it fluctuates even at high q range (see green dashed curves 

in Figure 1).   The obtained parameters are ML = 1450  50 nm−1 g mol−1 and d = 1.5 nm in MEA 

at 25 C, ML = 1500  50 nm−1 g mol−1 and d = 1.6 nm in EA at 33 C, ML = 1500  50 nm−1 g 

mol−1 and d = 1.7 nm in MIBK at 25 C, and ML = 1500  50 nm−1 g mol−1 and d = 1.7 nm in 

MIBK at 58 C.   The ML value in MEA is quite close to that for linear ATPC (1390  20 nm−1 g 

mol−1)31 as is the case with the previously investigated five systems.19-20   On the contrary, the 

value in MIBK is significantly larger than that for the linear one (1230  40 nm−1 g mol−1),31 

indicating that local helical structure of cATPC in MIBK should be appreciably different from 

that for the linear polymer.        
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Figure 1.  Reduced Holtzer plots for indicated cATPC samples in MEA at 25 C (a), in EA at 33 

C (b), in MIBK at 25 C (c), and in MIBK at 58 C (d).   Dashed (green), solid (red), and dot-

dashed (blue) curves, theoretical values for cylindrical rigid rings with Mw/Mn = 1, 1.05, and 1.2, 

respectively.   See text for theoretical details.   The ordinate values are shifted by A for clarity. 

 

Gyration radius <S2>z data summarized in Table 1 are plotted against Mw in Figure 2 along 

with those for linear ATPC.25, 31   While the ratio gs of <S2>z for ring polymer to that for linear 

one having the same molar mass is about 0.50 for cATPC in DIOX and the wormlike chain 

parameters for cATPC is substantially the same as those for the linear one, appreciably smaller gs 

values are obtained for cATPC in MEA, EA, and MIBK, that is, 0.42 in MEA at 25 C, 0.30 in 

EA at 33 C, 0.35 in MIBK at 58 C, and 0.25 in MIBK at 25 C, suggesting that cATPC has 

significantly different wormlike chain parameters in EA and MIBK from that for linear ATPC in 

the corresponding solvent. 
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Table 1. Weight-average Molar Mass Mw and z-Average Radius of Gyration <S2>z
1/2 for 

cATPC in MEA at 25 C, in EA at 33 C, and in MIBK at 58 C and 25 C. 

Sample 
Mw / 104  

(g mol−1) a 

<S2>z
1/2 (nm) 

in MEA 

at 25 C 

in EA 

at 33 C 

in MIBK 

at 58 C 

in MIBK 

at 25 C 

cATPC13K 1.25 1.58 1.58 1.67 1.65 

cATPC20K 1.83 2.15 2.10 2.10 2.05 

cATPC40K 4.46 4.0 3.9 4.0 4.1 

cATPC50K 4.73 4.7 4.6 4.6 4.7 

cATPC80K 8.19 6.8 6.4 6.7 6.8 

cATPC150K 14.9 9.5 9.2 9.5  
a reference 19 

  

   
Figure 2.  Molar mass dependence of <S2>z

1/2 for cATPC (unfilled circles) and linear ATPC 

(filled circles)25, 31 in MEA at 25 C (a), in EA at 33 C (b), in MIBK at 58 C and 25 C (c), and 

in DIOX at 25 C (d).19   In panel (c) red and magenta symbols indicate the data points at 58 C.  

Solid black (or red) and blue (or magenta) curves, theoretical curves for cylindrical wormlike 

ring and linear chains, respectively, calculated with the parameters listed in each figure; those for 

linear ATPC in DIOX and MIBK at 25 C include intramolecular excluded volume effects (see 
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refs 22,24 for details).   Dashed lines, theoretical values for wormlike ring with the parameters 

for linear ATPC. 

 

Theoretical radius of gyration <S2>0,l and <S2>0,c for linear and cyclic wormlike chains can 

be calculated by the Benoit-Doty35 and the Shimada-Yamakawa21 equations to be 
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0, 2 2

1 1 1
1 exp 2

6 4 4 8
l

L
S L

L L


 

 

−  
= − + − − −   

   (linear) (3) 

 

( )

( ) ( )

( )

2
2

2

2 3 40,

2

1 0.1140 0.0055258
6

4 0.0022471 0.00013155

7
1 0.025exp 0.01 6

12 6

c

L LL
S for L

L L

L
L for L

L

 


  

 
 

 − −
 = 
 + − 

  = − − −    

   (ring) (4) 

 

The radius of gyration <S2> for cylindrical wormlike rings may be written as 

 
2

2 2

0, 4c

d
S S= +  (5) 

 

since <S2> for a cylindrical rigid ring is expressed as 

 
2 2

2

24 4

L d
S


= +  (6) 

 

It should be noted that the chain thickness effect was negligible for linear ATPC samples25, 31 

because of higher <S2>z for linear ATPC even for the lowest Mw sample.   The theoretical gs  

<S2>/<S2>0,l value at M = 105 was calculated with the parameters for ATPC in investigated 

solvents to be ~0.5, which is close to that in DIOX but slightly or significantly larger than those 

in the other solvents.   Indeed, dashed curves calculated for <S2>1/2 with ML and −1 for linear 

ATPC22,24 and d determined from P(q) for cATPC significantly overestimate the experimental 

data in EA and MIBK as shown in Figure 2.   Assuming the d value from P(q), the rest two 

parameters, ML and −1, can be determined from a curve fitting procedure to be ML = 1400 nm−1 

g mol−1 and −1 = 13 nm in MEA, ML = 1450 nm−1 g mol−1 and −1 = 12 nm in EA, ML = 1450 

nm−1 g mol−1 and −1 = 13 nm in MIBK, in which the determination errors are 50 nm−1 g mol−1 

for ML and 2 nm for −1.   The obtained ML values are substantially the same as those 

determined from P(q) in Figure 1 in the corresponding solvent.    

Hydrodynamic radius RH for cATPC in MEA at 25 C, in EA at 33 C, and in MIBK at 58 

C are plotted against Mw/M0 in Figure 3 along with those for cATBC in 2-propanol at 35 C20 

and for cycloamylose (CA) in 0.5 M aqueous NaOH at 25 C13 where M0 denotes molar mass of 

the repeat unit, that is, 519.50 g mol−1 for ATPC.   The current data for cATPC are mostly the 

same as those for cATBC but significantly larger than those for CA.   This is reasonable because 

−1 for cATPC are much larger than that for CA (~ 4 nm) and rather close to that for cATBC (20 

nm) in 2-propanol.   Fujii and Yamakawa22 formulated the translational friction coefficient for 
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wormlike rings and the theoretical RH can be calculated with L, −1, and d.   The last parameter d 

from hydrodynamic properties are usually different from those for dimensional properties36 
including ATPC.25, 31-32   Colored lines in the figure indicate the theoretical values with d = 2.3 

nm, 3.1 nm, and 3.5 nm in MEA, EA, and MIBK, respectively with ML and −1 determined from 

P(q) and <S2>z.   While the left end is the limitation of the theory, each line fit the experimental 

data for higher Mw samples almost quantitatively.  Thus, the wormlike ring model is suitable to 

reproduce the experimental RH of cATPC in the three solvents.   However, it should be noted that 

RH changes sensitively by d, and therefore small difference in ML and −1 cannot be recognized 

only from RH.  Indeed, data points for cATPC in DIOX (not shown here) of which −1 is 22 nm 

are substantially the same as those in the other solvents. 

 

   
Figure 3.  Plots of hydrodynamic radius RH vs Mw/M0 for cATPC in MEA at 25 C (triangles), in 

EA at 33 C (squares), in MIBK at 58 C (inverted triangles) along with those for cATBC20 in 2-

propanol at 35 C (unfilled circles) and cyclic amylose (CA) in 0.5 M aqueous NaOH (filled 

circles) at 25 C.13  Solid curves, theoretical values for cylindrical wormlike ring (see text for the 

parameters). 
 

In our previous study for linear ATPC, we did not obtain solution properties at 58C.  

Thus, wormlike chain parameters for linear ATPC in MIBK and DIOX at 58 C were also 

determined in the manner reported in our previous papers25, 31 from <S2>z in Figure 2, P(q), and 

the intrinsic viscosity [] (see Figures S3 and S4 in Supporting Information for the Holtzer plots 

and Mw dependence of [], respectively).   For MIBK solutions, the following theories for 

cylindrical wormlike chains were used to analyze the solution data, that is, the Nakamura-

Norisuye theory37 for P(q), the Benoit-Doty equation (eq 3)35 for <S2>z, and the Yamakawa-

Fujii-Yoshizaki theory38-39 for [].   The ML and −1 obtained from the different methods are 

consistent with each other.  On the other hand, the [] data in DIOX at 58C is excellently fitted 

by those at 25C and the wormlike chain parameters previously obtained at 25 C successfully 

explain the P(q) data at 58 C, thus we concluded that ML and −1 in DIOX at 58 C are 

essentially the same as those at 25 C. 

Molecular Characteristics.   Table 2 summarizes the obtained wormlike chain 

parameters along with those for linear ATPC,25, 31 that is, −1 and the helix pitch per residue h, 

which is related to ML by h = M0/ML.   As depicted in our previous paper, both −1 and h for 
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linear ATPC increase with increasing molar volume vM of the solvent; the values are determined 

from the density to be 79.9 cm3mol−1 for MEA at 25 C, 99.6 cm3mol−1 for EA at 33 C, 125.8 

cm3mol−1 and 130.9 cm3mol−1 for MIBK at 25 C and 58 C, respectively.   Thus, both h and −1 

are plotted against vM in Figure 4.   While these parameters for linear ATPC monotonically 

increase with increasing vM except for −1 at 58 C, those for cATPC are independent of the 

solvent.   In other words, we firstly demonstrate that rigid ring polymers may have different local 
conformation from that for the corresponding linear chain.   But, we note that this effect is not 

seen for every rigid ring.  In actuality, dimensional properties of previously studied five rigid 

cyclic polymer – solvent systems of which −1 ranges between 11 and 75 nm are well explained 

by the wormlike ring model having essentially the same molecular parameters as the 

corresponding linear polymer – solvent system.   Considering that the significant vM dependence 

of h and −1 for linear ATPC is due to the size of hydrogen bonding solvent molecules, the 

number of such solvent molecules for cATPC may be fewer than the linear one and it is not 

enough to extend and to stiffen the cATPC main chain.   Since linear ATPC and similar 

derivatives40 are useful as chiral stationary phase, the above result indicates that cATPC may 

have different interaction with chiral small molecules from that for the linear one.   Of course, it 

should be expected that dimensional properties for cATPC with much higher molar mass 

samples should be described by the wormlike chain parameters for the linear chain in the 

corresponding solvent.  Molar mass of the current cATPC samples should be too small to 

observe the molar mass dependent conformational change.   Regarding this, −1 for linear ATPC 

in MIBK at 58 C significantly smaller than that at 25 C as shown in Table 2 whereas the same 

value of 22 nm was obtained in DIOX both at 25 C and 58 C, indicating that high chain 

stiffness stabilized by hydrogen bonding MIBK molecules is easily effectible by raising 

temperature while the chain stiffness stabilized by intramolecular hydrogen bond (ATPC in 

DIOX) is more stable against the temperature change. 

 

Table 2. Values of the Helix Pitch per Residue h, the Kuhn Segment Length -1, and the 

Chain Diameter d for cATPC and ATPC in MEA, MIBK, DIOX, and 2-Ethoxyethanol 

(2EE) at 25 C, in EA at 33 C, and in MIBK at 58 C. 

  cATPC  ATPC 

Solvent Temp (C) h (nm) −1 (nm)  h (nm) −1 (nm) 

MEA 25 0.36  0.02 13  2  0.37  0.02 a 15  2 a 

EA 33 0.35  0.02 12  2  0.39  0.01 a 17  2 a 

MIBK 58 0.35  0.02 13  2  0.42  0.02 17  2 

MIBK 25 0.35  0.02 13  2  0.42  0.02 a 24  2 a 

DIOX 25 & 58d 0.34  0.02 c 22  3 c  0.34  0.01 b 22  2 b 

2EE 25 0.32  0.02 c 16  3 c  0.32  0.01 b 16  2 b 
a reference 31, b reference 25, c reference 19, d only for ATPC 
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Figure 4.  Dependences of h (a) and –1 (b) on vM for cATPC (black unfilled circles at 25 or 33 

C, red unfilled circles at 58 C) and ATPC in ketones and esters (blue filled circles at 25 or 33 

C, red filled circles at 58 C).   

 

Intermolecular Interactions.   Figure 5 shows temperature dependence of the second 

virial coefficient A2 for ATPC in EA and MIBK.   Data points for cATPC decrease with raising 

temperature as is the case with linear ATPC.   We did not show the A2 data in MEA since those 

for linear ATPC vanish at 25 C but the temperature dependence is too small to estimate the  

temperature.31   The A2 values for cATPC at the  temperature for linear ATPC (at 25 C for 

MEA solution) are summarized in Table 3.   While cATBC has large positive A2 of ~1.4  10−4 

mol cm3g−2 in 2-propanol at the  temperature, smaller (but still positive) values are obtained in 

MEA, they mostly vanish in EA, and furthermore, the values are negative in MIBK.   This may 

be unreasonable because interaction between ring polymers should be repulsive even in  

solvent.29-30   According to Ida et al.,28 A2 for reduced second virial coefficient A2ML
2/4−1NA for 

wormlike ring is found from simulation method to be a function of L, where NA denotes the 

Avogadro number.  Their values fitted well our recent data for cATBC in 2-propanol20 and fairly 

explained those for more flexible ring polymer, cyclic polystyrene of which −1 is about 2 nm.26  

We thus compare the simulation result with the experimental values in Figure 6 in which the data 

points for cATBC in 2-propanol20 and cyclic polystyrene in cyclohexane.3, 8-9   The discrepancy 

between experimental and simulation result for cATPC becomes larger with increasing vM, that 

is in the order of MEA, EA, and MIBK.  This is most likely because monomeric unit having the 

shrunk helical structure becomes more attractive with the monomeric site of the other cATPC 

chain.   This effect is still smaller for MEA solution than the intermolecular topological 

interaction and becomes mostly equivalent in EA, and furthermore, it is much larger than the 

topological interaction in MIBK.   Thus, we may conclude that rather stiff cyclic polymers may 

change not only the chain dimensions but also intermolecular interactions. 
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Figure 5.  Temperature dependence of the second virial coefficients A2 for cATPC50K (unfilled 

circles), cATPC80K (unfilled triangles), and cATPC150K (unfilled squares) in EA (a) and 

MIBK (b), along with A2 for linear ATPC samples, ATPC500K (Mw = 4.91  105, filled circles), 

ATPC3M (Mw = 3.33  106, filled triangles), and ATPC3M-2 (Mw = 2.97  106, filled squares). 
 

Table 3. Second Virial Coefficient A2 for cATPC in MEA at 25 C, in EA at 33 C, and in 

MIBK at 58 C. 

Sample 

 A2 (10-4 mol g-2cm3) 

 in MEA 

at 25 C 

in EA 

at 33 C 

in MIBK 

at 58 C 

cATPC50K  0.33 0.09 -0.43 * 

cATPC80K  0.73 0.09 -0.53 

cATPC150K   0.15  

 * estimated by interpolation of the data at 55 and 60 C 
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Figure 6.  Reduced chain length (L = Mw/ –1ML) dependence of reduced second virial 

coefficient (A2ML
2/4–1NA) for cATPC in MEA (unfilled triangles), EA (unfilled squares), and 

MIBK (inverted triangles) at the corresponding  temperatures along with those for cATBC in 

2-propanol (unfilled circles) at the  temperature (35 C) and for cyclic polystyrene in 

cyclohexane (filled circles, Roovers et al.;3 filled triangles, Huang et al.;8 filled squares, Takano 

et al.9) at the  temperature (34.5 – 35 C).  Solid curve, results from Monte Carlo simulation by 

Ida et. al.28    

 

■ CONCLUSIONS 
The helix pitch per residue and the chain stiffness of cyclic ATPC in ketones and esters are 

independent of the solvent whereas both of them for linear ATPC appreciably increase with 

increasing the size of solvent molecule, indicating that the local helical structure and the chain 

stiffness of rather rigid rings may not be the same as those for the corresponding linear polymer 

if the polymer chains have finite chain stiffness.   This conformational difference is likely due to 

the different solvation structure.  Consequently, the intermolecular interaction between 

monomeric units of two different cATPC chains estimated in such solvents is significantly 

different from that for linear ATPC in the corresponding solvent.    
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