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ABSTRACT: Six cyclic amylose tris(phenylcarbamate)
(ATPC) samples have been prepared from enzymatically
synthesized cyclic amylose ranging in the number of repeat

units N from 24 to 290. Synchrotron-radiation small-angle X-ray cyclic amylose

scattering measurements were made for the samples in 1,4-
dioxane (DIOX) and 2-ethoxyethanol (2EE) to determine the
z-average radius of gyration (S?), and the particle scattering
function P(q). Molar mass dependencies of (S*), in the two
solvents were successfully explained by the current theories for
the wormlike ring with the same parameters for linear ATPC in
the corresponding solvent, that is, the helix pitch & (or contour
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length) per residue and the Kuhn segment length 47" (stiffness parameter, twice the persistence length). The latter parameter A~'
is 22 and 16 nm in DIOX and 2EE, respectively. Except for the low-q region, P(q) was also explained by the rigid ring having the
same contour length Nh as that for linear ATPC. Further, their local conformation estimated from circular dichroism spectra is
essentially unaltered from that for linear ATPC at least when N > 24.

Cyclic or ring polymers have a topologically interesting
structure with no chain ends, and their dimensional and
also various physical properties have attracted much attention
from both theoretical and experimental points of view. After
pioneering works for the synthetic ring polymers, dimensional
and hydrodynamic properties of ring polystyrene,” polydime-
thylsiloxane,® amylose,* and DNA® have been extensively
studied in the past few decades.

It is well-known that the chain stiffness is a decisively
important factor affecting dimensional and physical properties
of linear-chain polymers.® Therefore, the chain stiffness may
also play an important role in the properties of cyclic polymers.
However, experimental studies of rigid ring polymers were rare
due to difficulty in their synthesis even though various ring
polymers were recently synthesized.” Because of low ring
closure probability, it is difficult to transform stiff linear
polymers into cyclic ones. While double helical cyclic DNA has
a stiff main chain, it may not be a very good example because of
its superhelical conformation in solution.®

Another strategy to obtaining a rigid ring is to stiffen a
flexible ring by using some appropriate chemical modification.
In actuality, some macrocyclic brush polymers were reported
very recently,” and they may have a rather stiff main chain due
to the repulsion force between side chains, because it is well-
known that the main chain of comb polymers having high graft
density has a stiffer main chain than that for the corresponding
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linear chain. However, the stiffening efficiency is not very high,
even though the grafting density is high.”

Amylose tris(phenylcarbamate) (ATPC) has a much stiffer
main chain'® in several organic solvents than amylose in
dimethyl sulfoxide.'' Fortunately, this polymer can be
synthesized quantitatively without main chain scission when
the molar mass of amylose is below 10°"? Furthermore, cyclic
amylose having more than 100 pyranose can be synthesized
enzymatically.** The sample has high purity and it behaves as a
rather flexible polymer, as is the case with linear amylose.*

We thus synthesized cyclic amylose tris(phenylcarbamate)
(cATPC) from four cyclic amylose samples with weight-average
molar mass M,, ranges from 3.1 X 10° to 2.8 X 10% in the
manner for linear ATPC samples.'* The resultant samples were
purified and extensively fractionated by precipitation method to
obtain six cATPC samples. Both their solution NMR and solid
state IR spectra were essentially the same as those for our
ATPC samples, and furthermore, the degree of substitution was
estimated to be 3.0 & 0.2 from the ratio of carbon to nitrogen
estimated from elemental analysis, indicating full substitution of
amylose. This is consistent with our recent work for linear
ATPC, but therefore, mass spectroscopy methods cannot be
applicable to determine the linkages, unlike other synthetic ring
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polymers. The dispersity index (ratio of M,, to the number
average molar mass M,) was determined to be between 1.05
and 1.2 from size exclusion chromatography equipped with a
two-angle (7° and 90°) light scattering photometer. Their
circular dichroism spectra in 1,4-dioxane (DIOX) are presented
in Figure 1. See ref 12 for experimental details. Both the molar
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Figure 1. Comparison between circular dichroism spectra for
cATPC20K and ATPC200K samples in DIOX, both at 25 °C.

elipticity Ae and the molar absorption coefficient & for
cATPC20K (and for cATPCI3K, not shown here) are
essentially the same as those for linear polymer, ATPC200K,
indicating that local conformation of cATPC is essentially the
same as that for linear polymer.

Synchrotron-radiation small-angle X-ray scattering (SAXS)
measurements were made on the cATPC samples in DIOX and
2-ethoxyethanol (2EE) at 25 °C. The experiments were carried
out at the BL40B2 beamline in SPring-8 and the BL-10C
beamline in KEK-PF. The wavelength, camera length, and
accumulation time were chosen to be 0.10—0.15 nm, 1500—
4000 mm, and 300 s, respectively. See ref 12 for experimental
details. The Guinier plot was utilized to determine M,, the
particle scattering function P(q), and z-average radius of
gyration (S?),. It should be noted that a previously investigated
ATPC sample (ATPC20K)"* was used as the standard of the
molar mass. The resultant M,, and (S?),"/? are summarized in
Table 1. It should be noted that we chose these two solvents,
DIOX and 2EE, because of the larger number of intramolecular
hydrogen bonds for ATPC in DIOX compared with that in
2EE.!

Figure 2 shows the molar mass dependence of (S*),"* for
cATPC and ATPC in the two solvents. The obtained (S?),'2
for the cyclic polymer in each solvent is 60—65% as small as
that for the linear ATPC, and the slope is almost the same as
that for the linear one, indicating that cATPC behaves as a
rather rigid ring in solution. Because dimensional properties for

Table 1. Weight-Average Molar Mass M,, and z-Average
Radius of Gyration {$%),"/? for cATPC in DIOX and 2EE at
25 °C

(8%)."2 (nm)

sample M,,/10* (g mol™") in DIOX in 2EE
cATPC13K 125 1.65 1.55
cATPC20K 1.83 22 2.0
cATPC40K 446 4.6 3.8
cATPCS50K 473 5.1 43
cATPC80K 8.19 74 59
cATPC150K 14.9 11.0 9.8
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Figure 2. Molar mass dependence of z-average radius of gyration

(8),* for cATPC (open circles) and linear ATPC"? (filled cirlcles) in

1,4-dioxane (DIOX, a) and 2-ethoxyethanol (2EE, b) both at 25 °C.

Solid black lines, theoretical values for cyclic wormlike cylinder with

the parameters in the text. Dashed line (magenta), (S?)/? for rigid

Zi{llg. D:t-dashed line (green), (S2)!/2 for wormlike cyclic cylinder with
=4 nm.

ATPC,'"”"" amylose tris(3,5-dimethylpheylcarbamate),'*
amylose tris(n-butylcarbamate),'” and amylose-2-acetyl-3,6-
bis(phenylcarbamate)'® are well explained by the current
theories for the Kratky—Porod wormlike chain,'” the cyclic
wormlike chain may be a good model for cATPC.

According to Shimada et al, theoretical radius of gyration
(8?), for cyclic wormlike chain is calculated to be'®

12 |1 = 0.1140AL — 0.0055258(AL)*

<Sz>o = 3 4
4r +0.002247l(lL) - 0.00013155(/114)
for AL <6
L 7 2
=—23q1 - — —0.025 —0.01(AL
m{ 6L exp[~0.01(AL) ]}
for AL > 6 (1)

where 17! is the Kuhn segment length and L is the contour
length, which is related with molar mass M as

L=M/M, 2)

where M, is the molar mass per unit contour length. In this
case, chain thickness may not be negligible. Because the
gyration radius for a cylindrical rigid ring is calculated to be
12 pe

w ®
where d denotes the chain diameter. The (S*) for a cylindrical
wormlike ring was calculated by the sum of (S*), and d*/4. The
three parameters were determined from the curve-fitting
procedure to be M; = 1450 + 100 nm™', ™' = 22 + 3 nm,
and d = 1.7 + 0.2 nm in DIOX and M; = 1550 #+ 100 nm™, 1™}
16 + 3 nm, and d = 1.6 =+ 0.2 nm in 2EE; they are
comparable with those for linear ATPC."> The calculated
theoretical solid lines reproduce well the experimental data and
furthermore the theoretical values for rather flexible ring of
which chain stiffness is the same as cyclic amylose (A7 = 4
nm)* are substantially smaller than the experimental data at
higher M range, confirming much higher rigidity of cATPC
compared with cyclic amylose in solution. It should be noted
that intramolecular excluded volume effects may be negligibly
small since it is not significant for linear ATPC even for much
higher M,, samples (<3 X 10%)."

(8 =
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The particle scattering function P(q) for cATPC is displayed
in Figure 3 in the form of the Holtzer plot, where g is the
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Figure 3. Reduced Holtzer plots for indicated cATPC samples in
DIOX (a) and 2EE (b) all at 25 °C. Green dot-dashed, red solid, and
blue dashed curves, theoretical values for polydisperse rigid rings with
M,,/M, of 1, 1.05, and 1.2, respectively. The ordinate values are shifted
by A for clarity.

magnitude of the scattering vector. In panels (a) and (b),
M,,qP(q) for cATPCSOK and cATPC20K is compared with
that for linear ATPC samples having close M, that is,
ATPCS0K (M,, = 548 X 10*) and ATPC20K (M,, = 1.87 X
10%)."* While the so-called Holtzer plateau region is seen for
linear ATPC (0.3 nm™ < g < 1 nm™"), an appreciable clear
peak is found for each cATPC sample, and M,,qP(q) at higher g
region are the same as each other. This is likely because cATPC
has a smaller (S?), than that for the linear ATPC having the
same molecular weight, and the local conformation of ring and
linear polymers is comparable to each other.

Although the theoretical calculations of P(q) for the
wormlike ring have not been published, the experimental data
for lower M,, samples may be compared with the theoretical
value for rigid cylindrical rings

[ Lgsing) (dq ’ )
P(q) = /0 [4]0(72” )}1( S )/dq] sin EdE @

because their experimentally obtained (S*), are almost
equivalent to the rigid ring, shown as dashed lines in Figure
2. Here, J,(x) is the Bessel function of the nth order.
Theoretical green dot-dashed curves in Figure 3 calculated
for rigid rings having M; = 1600 + 50 nm™" and d = 1.6 + 0.1
nm in DIOX, and M; = 1640 + 60 nm™ and d = 1.5 + 0.1 nm
in 2EE fairly fit the experimental data for lower two M,, samples
and the higher g range for the other four samples, but the
theoretically obtained fluctuation cannot be seen in the
experimental data. This is likely due to polydispersity of the
cATPC samples as well as the finite rigidity of the real cyclic

1293

chains. In fact, the solid red and dashed blue curves calculated
for rigid rings with M,/M, =1.05 and 1.2, respectively, for
which the polydispersity was considered by using the log-
normal distribution, mostly reproduce the experimental data,
except for the lower g range for four higher M,, samples. This
underestimated theoretical P(q) should be due to the finite
chain stiffness of cATPC. Indeed, the discrepancy becomes
more significant for 2EE solution than that in DIOX, and
furthermore, it increases with increasing M,,. Considering the
obtained M; and d are comparable to those for (S*), we may
conclude that both the P(q) and (S*), data are consistently
explained by the current theories.

The obtained wormlike chain parameters for cATPC are
summarized along with those for ATPC'* in Table 2 in which

Table 2. Values of the Helix Pitch per Residue h, the Kuhn
Segment Length A7Y, and the Chain Diameter d for cATPC
and ATPC in DIOX and 2EE at 2§ °C

polymer solvent h (nm) A7 (nm) d (nm)
cATPC DIOX 0.34 + 0.02 22+3 16 + 0.1
ATPC” DIOX 0.34 + 0.01 22+2 1.5
cATPC 2EE 0.33 £+ 0.02 16 + 3 1.5+02
ATPC” 2EE 0.32 £ 0.01 16 + 2 1.3

“Ref 12.

the helix pitch per residue h was calculated by h = My/M;,
where M, is the molar mass of the repeat unit. While the chain
stiffness in DIOX is appreciably higher than that in 2EE, both
parameters for cATPC are mostly equivalent to those for
ATPC. Considering also essentially the same circular dichroism
spectra for cATPC and linear ATPC (Table 1), both the local
conformation and the chain stiffness of cATPC in the two
solvents are essentially the same as those for the linear ATPC in
the same solvent. In other words, we successfully obtained quite
a stiff cyclic polymer consisting of 24—290 repeat units,
corresponding to 8—100 nm in the contour length. Thus, we
may conclude that cATPC is a good model compound as a
rigid ring polymer. Very recently, we reported much stiffer
amylose derivatives, that is, amylose tris(n-butylcarbamate) (1~
75 nm in tetrahydrofuran)'>® and amylose tris(3,5-
dimethylphenylcarbamate) (4™' = 73 nm in 4-methyl-2-
pentanone),'* suggesting more rigid ring polymers might be
obtained from the similar procedure.
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Detailed explanation of experimental procedures, including
synthesis, fractional precipitation, and size exclusion chroma-
tography, and Guinier plots. This material is available free of
charge via the Internet at http://pubs.acs.org.
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