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Highly branched thermoresponsive polysaccharide derivative in water. 
Partly substituted highly branched cyclic dextrin ethylcarbamate 

Akihito Kobayashi , Ken Terao * 

Department of Macromolecular Science, Graduate School of Science, Osaka University, 1-1 Machikaneyama-cho, Toyonaka, Osaka 560-0043, Japan   

A R T I C L E  I N F O   
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A B S T R A C T   

A thermoresponsive highly branched polysaccharide derivative was revealed from commercially available highly 
branched cyclic dextrin (HBCD), originally synthesized from amylopectin. Eight samples of partially substituted 
ethyl carbamate derivatives of HBCD (HEC) were prepared with a degree of substitution DS ranging from 0.27 to 
1.46. Three samples with DS = 0.88, 1.05, and 1.22 showed LCST type phase separation in water. The intrinsic 
viscosity and form factor in water were typical of the hyperbranched structure. The intermolecular interactions 
between HEC and iodine or 1-anilinonaphthalene-8-sulfonic acid (ANS) were appreciably different from those of 
the linear analog (AEC), suggesting that the locally bent helical conformation of highly branched HEC chains has 
a different interaction with small molecules. The phase diagram of HEC-water systems was accidentally similar to 
that of the linear chain with the same molar mass and DS, although the one phase region of the branched polymer 
chain-poor solvent system is usually wider than that of the corresponding linear chain. This is likely due to the 
lower hydration nature of the polymer segment of HEC chains than that of the corresponding linear chain.   

1. Introduction 

Macromolecules tend to be less soluble in many solvents due to the 
low entropy gain on dissolution. Since the solvation affinity can be 
controlled by chemical modification of polysaccharides, phase separa
tion behavior is also found for polysaccharide derivatives (Burchard, 
1969). For aqueous systems, cellulose ethers are widely used for ver
satile applications, while they mainly exhibit LCST (lower critical so
lution temperature) type phase separation behavior (Bizmark et al., 
2022; Chevillard & Axelos, 1997; Heymann, 1935; McAllister et al., 
2015; Nishida et al., 2017; Sarkar, 1979). Aqueous phase separation 
behavior has also been found for the other polysaccharides, i.e., dextran 
(Otto et al., 2021), chitosan (Chen et al., 2022), starch (Jong & Ju, 2017; 
Ju et al., 2012; Ju et al., 2013; Yuan et al., 2014; Zheng et al., 2019), 
xylan (Gericke et al., 2024), and amylose (Kimura et al., 2020; Nakata 
et al., 2024). The LCST type phase separation is related to the temper
ature dependent hydration-dehydration behavior. Thus, the polymer- 
solvent interactions play an important role in the phase separation. 
Among them, the nonlinear polysaccharide derivative with thermores
ponsive behavior is limited to starch derivatives (Jong & Ju, 2017; Ju 
et al., 2012; Ju et al., 2013; Yuan et al., 2014; Zheng et al., 2019). 
However, the data for starch derivatives cannot be used to discuss the 

branching effect on phase separation because that of the corresponding 
linear chain has not been reported. 

In general, nonlinear polymers have better solubility than the cor
responding linear polymers of the same molar mass. In fact, much work 
has been done on synthetic branched polymers, i.e., star branched 
(Alessi et al., 2004; Cowie et al., 1979; Tasaka et al., 2008; Terao et al., 
1998; Yokoyama et al., 1991), randomly branched (S. Sato et al., 1985), 
and ring polymers (Jung et al., 2017; Qiu et al., 2007), while it cannot be 
easily explained in terms of the classical mean-field approximation 
theory, and some recent calculations can predict the difference of the 
phase diagram of linear and nonlinear polymers in solution (Browarzik 
et al., 2013; Yang et al., 2006). Recently, it has been reported that 
hyperbranched poly(N-isopropyl acrylamide) has a lower LCST than 
that of the linear polymer (Kojima et al., 2022). This phenomenon has 
been explained in terms of cooperative hydration. On the other hand, we 
have recently shown that both cyclic and hyperbranched amylose 
carbamate derivatives have significantly different interactions with 
small molecules based on the chiral recognition ability (Kishimoto et al., 
2022; Kishimoto et al., 2023; Ryoki et al., 2019), the second virial co
efficient (Asano et al., 2013), and the phase separation behavior in 
organic solvents (Mizuguchi et al., 2023). This is because the local 
curvature of the polymer chains is affected by the cyclic or highly 
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branched structures. 
We recently found that a linear polysaccharide derivative, partially 

substituted linear amylose ethylcarbamate, is soluble in water and the 
LCST-type phase separation behavior was observed (Kimura et al., 
2020). Consequently, the partially substituted ethylcarbamate deriva
tive (HEC) of highly branched cyclic dextrin (HBCD), which is enzy
matically produced from amylopectin, may be a good model branched 
polysaccharide with thermoresponsive nature due to its relatively nar
row molar mass dispersity. The phase diagram of HEC-water systems as 
well as the interaction with small molecules were investigated by phase 
separation experiments, absorption, and fluorescence spectra. Another 
characteristic feature of highly branched polymers is a much lower so
lution viscosity due to their significantly more compact dimensions in 
solution than the corresponding linear polymers. To confirm this, the 
intrinsic viscosity and form factor were also estimated from viscosity 
and small-angle X-ray scattering measurements, respectively, to 
compare the dimensional properties with the corresponding linear 
chain. 

2. Experimental section 

2.1. Samples 

A reagent grade highly branched cyclic dextrin (HBCD) sample 
(Fujifilm Wako) was used as the source of branched polysaccharide for 
the synthesis of HEC. The average repeat unit of α-1,6-linkage hydro
lyzed HBCD was estimated to be 16 (Takata et al., 1996; Takata et al., 
2003). It can be confirmed by 1H NMR measurement in D2O at 80 ◦C 
referring to the literature for amylopectin (Nilsson et al., 1996) (Fig. S1). 
The synthesis procedure was substantially the same as that of the pre
viously reported amylose ethylcarbamate (AEC) (Kimura et al., 2020). A 
typical procedure for evaluating HEC300K1.22 is as follows. 3.1 g (19 
mmol in the repeat unit) of the HBCD sample and LiCl (3 g) were dried in 
a vacuum in a two-necked flask at 90 ◦C for 3 h. N,N-dimethylacetamide 
(80 mL) was added to the flask under an Ar atmosphere. After stirring at 
90 ◦C to completely dissolve the solid sample, dry pyridine (80 mL) and 
ethyl isocyanate (2.0 mL, 26 mmol) were added to the HBCD solution. 
The resulting mixture was stirred at 90 ◦C for at least 1 d. The crude 
polymer sample was purified by reprecipitation in acetone. A 7.2 g 
powdered sample was obtained. The sample was dissolved in 350 mL of 
water and dialyzed in pure water at 3 ◦C for at least 4 d using a 
SPECTRA/POR regenerated cellulose membrane with a MWCO of 
12,000–14,000. The resulting aqueous solution was evaporated to 30 
mL and lyophilized to obtain a white solid HEC sample. The other 
samples were prepared in the same manner with different amounts of 

ethyl isocyanate. Water-insoluble samples were purified by reprecipi
tation with methanol as solvent and methyl acetate as precipitant. We 
also prepared some linear AEC samples from enzymatically synthesized 
amylose to obtain linear AEC samples with molar masses relatively close 
to the current HEC samples. The HEC and AEC samples used in this study 
are summarized in Table 1. All samples were characterized by 1H NMR 
in DMSO‑d6 and ATR-FTIR. Some example spectra are shown in Figs. S2 
and S3; note that the NMR spectrum at 90 ◦C was substantially similar to 
that at 25 ◦C. The 13C NMR spectra for HEC300K1.22 in DMSO‑d6 at 
90 ◦C (Fig. S4) indicate that no specific regioselectivity was found. The 
ultimate analysis was made for all samples to determine the weight 
fractions of carbon and nitrogen. The C/N weight ratio gives the degree 
of substitution DS, where DS = 3 for complete substitution. The evalu
ated DS values are summarized in Table 1. 

2.2. Characterization of HEC and AEC in dilute organic solvent 

Since the solubility in water for both HEC and AEC depends signifi
cantly on DS as summarized in Table 1, the molar mass values of the 
samples were determined in dimethylformamide (DMF). 

Conventional static light scattering measurements were made for 
HEC200K0.27, HEC220K0.55, and HEC170K0.75 in DMF at 25 ◦C 
using an ALV/SLS/DLS-5000 light scattering photometer. The incident 
light source was an Nd:YAG laser with a wavelength of λ0 = 532 nm in a 
vacuum. Each solution and the solvent were optically cleaned through a 
0.22 μm PTFE membrane filter. The refractive index increment ∂n/∂c, 
the mandatory constant for evaluating the molar mass from the scat
tering intensity, was determined for each sample in DMF at 25 ◦C using a 
modified Schultz-Cantow type differential refractometer (Shimazu Co., 
Japan). The resulting Rayleigh ratio Rθ (the absolute scattering in
tensity) at different polymer mass concentrations c and the magnitude q 
of the scattering vector were analyzed in terms of the Guinier plot, as 
shown in Fig. S5, to determine the weight-average molar mass Mw, for 
which the experimental error is estimated to be ±15 % based on the 
variability of the data. Notably, the radius of gyration was not estimated 
from the current data due to the very weak q dependence of Rθ, i.e. the 
gyration radii are shown to be less than 20 nm. 

Size-exclusion chromatography (SEC) equipped with multi-angle 
light scattering (MALS) and concentration detectors was performed on 
the HEC and AEC samples to determine Mw. SEC-MALS measurements 
were examined for the samples in THF to determine the weight-average 
molar mass Mw and molar mass dispersity using a DAWN DSP MALS 
photometer (Wyatt) and a RI-4030 refractive index detector (Jasco). A 
Shodex guard column Asahipak GF-1G 7B and a Shodex SEC column 
Asahipak GF-7 M HQ were connected in series and installed in a column 

Table 1 
Molecular characteristics of HEC (branched) and AEC (linear) samples.  

Sample Yield /% DS a Mw / kg mol− 1 nw [η] / cm3g− 1 Solubility in water 

HEC200K0.27 82  0.27 200 b (195c) 1100 17.2d S 
HEC220K0.55 70  0.55 220 b (193c) 1100 17.1d S 
HEC170K0.75 83  0.75 170 b (164c) 770 15.4d S 
HEC190K0.88 72  0.88 190 b 850 − P 
HEC230K1.05 66  1.05 230 b 970 16.7e P 
HEC300K1.22 78  1.22 300 b 1200 − P 
HEC1.43 72  1.43 − − − I 
HEC1.46 62  1.46 − − − I 
AEC160K0.44 83  0.44 160 b 830 34.0d S 
AEC200K0.64 73  0.64 200 b 970 48.1d S 
AEC130K0.95 − 0.95 190 b 570 40.5e P 
AEC220K1.18 46  1.18 130 b 900 − P 

I: insoluble. S: soluble between 4 and 80 ◦C. P: phase separation was observed. 
a DS = 3 for full substitution. 
b From SEC-MALS in DMF. 
c From SLS in DMF. 
d In water at 25 ◦C. 
e In water at 0.3◦C. 

A. Kobayashi and K. Terao                                                                                                                                                                                                                   
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oven at 40 ◦C with a flow rate of 0.5 mL min− 1. Two polystyrene stan
dards (Tosoh TSKgel Standard PS F-4, Mw = 37.9 kg mol− 1 and F-40, Mw 
= 427 kg mol− 1) were used to calibrate both the MALS and RI detectors. 
For the HEC samples, the double peak was evaluated as shown in Fig. S6. 
Since the Mw value calculated from the second peak is substantially the 
same as that from the conventional light scattering described above, the 
first peak is due to aggregation of the sample. Possible reasons are higher 
column temperature or high share rate in the SEC column or tubing. We 
therefore estimated the Mw value from the second peak. The resulting 
Mw values are summarized in Table 1. Although essentially the same 
chromatogram was observed from multiple measurements, the experi
mental error can be estimated to be approximately ±15 % due to the 
above-mentioned significant aggregation. The weight-average number 
nw of AGU units in a molecule calculated from Mw and DS ranges be
tween 800 and 1200. These values are close to or slightly lower than 
those for completely substituted phenylcarbamate (Mizuguchi et al., 
2023) and 3,5-dimethylphenylcarbamate (Kishimoto et al., 2022) de
rivatives synthesized from the same HBCD sample. 

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

SAXS measurements were made for HEC200K0.27 and 
HEC170K0.75 in water at 20 ◦C at the BL40B2 beamline in SPring-8 
(Hyogo, Japan). The solvent water or the polymer solutions with three 
different c ranging from 2 to 11 mg mL− 1 were filled into a specially 
designed cell in which a 2 mmϕ quartz capillary is fixed, in order to 
properly subtract the scattering intensity of the solvent from that of the 
solution. The X-ray energy was chosen to be 12 keV (λ0 = 0.1 nm) and 
the intensity was detected both upstream and downstream of the solu
tion cell to compensate for the intensity fluctuation and transmission of 
the X-ray. The scattered X-ray was detected using a Dectris Pilatus 3 2 M 
photon counting equipment located 4.2 m downstream of the sample 
position. The magnitude q of the scattering vector at each pixel on the 
detector was determined from the diffraction pattern of silver behenate. 

2.4. Viscometry 

Although scattering measurements are difficult for partially 
substituted carbamate derivatives of linear and branched ethyl
carbamate derivatives due to the small amount of large aggregates, 
viscosity measurements provide reliable information on polymer di
mensions. Viscosity measurements for HEC and AEC samples in dilute 
aqueous solution were examined using a custom-made conventional 
Ubbelohde type viscometer, for which the minimum required solution is 
3 mL and the water flow rate is approximately 150 s. At least three flow- 
time measurements were made for each solvent and solution to confirm 
repeatability of less than 1 % in specific viscosity. The evaluated specific 
viscosity for three or four different c ranging from c = 5 to 30 mg mL− 1 

was analyzed using the Huggins and Mead-Fuoss plots to evaluate the 
intrinsic viscosity [η]. 

2.5. Phase separation experiments 

Because HEC and AEC samples with intermediate DS dissolve in 
water and the solution exhibits phase separation behavior with 
increasing temperature, turbidity measurements were performed on the 
HEC and AEC samples in water using a Jasco V-550 or V-750 spec
trometer (Jasco Co., Japan). A rectangular quartz cell with a path length 
of 2 mm was placed in a thermostatic cell holder that was heated at a 
constant rate of 0.5 or 1 K/min. Optical transmittance was detected at λ0 
= 550 or 800 nm, depending on the absorption of added small mole
cules, as described below. The repeatability of the data was verified by 
measuring many polymer solutions at different concentrations. 

2.6. Spectroscopy in the presence of small molecules 

A small amount of I2-KI aqueous solution (50 mM) was added to a 
HEC or AEC solution (1.5 mL) with c of 5 mg mL− 1 to prepare the test 
solution with an I2 concentration of 0.3 mM. The UV–vis absorption 
spectra of the solution filled in a 2 mm path length rectangular quartz 
cell were evaluated using a Jasco V-550 or V-750 spectrometer (Jasco 
Co., Japan) at different temperatures. 

An appropriate amount of HEC or AEC sample was added to 0.1 mM 
1-anilinonaphthalene-8-sulfonic acid (ANS) aqueous solution to prepare 
the solution with a polymer mass concentration c of 30 mg mL− 1. The 
resulting solution was filtered through a 0.8 μm cellulose acetate filter. 
Dry nitrogen was brown in the solution immediately before measure
ment. A Hitachi F-4500 or Shimazu RF-5300PC fluorescence spectro
photometer was used to determine the fluorescence spectra at the 
excitation wavelength of 355 nm at different temperatures between 10 
and 70 ◦C. 

Similar fluorescence measurements were made for HEC or AEC with 
pyrene in aqueous solution at 26 ◦C at the excitation wavelength of 337 
nm. The solution was prepared by adding a small amount of a saturated 
methanol solution of pyrene. The pyrene concentration was estimated 
from the absorbance of the solution at λ0 = 338 nm. We have verified 
repeatability by multiple measurements at least twice for all spectro
scopic measurements described in this section. 

3. Results and discussion 

3.1. Dimensional and hydrodynamic properties in water 

To estimate the molecular structure of HEC samples with high sol
ubility in water, SAXS measurements were examined for aqueous solu
tions of HEC200K0.27 and HEC170K0.75. The excess scattering 
intensity ΔI(q) is substantially proportional to c in the entire q range 
investigated, indicating that the molecular structure and dispersion state 
do not depend on the c range. This result also confirms the repeatability 
of the SAXS measurements. We therefore estimated the form factor P(q) 
from ΔI(q) using the Guinier plot. The resulting P(q) data are plotted 
against q in Fig. 1, where the repeatability estimated from the concen
tration variations of ΔI(q)/c is comparable to the size of the circles. The 
steep reduction with a slope of − 2.7 is typical for highly branched 
macromolecules (Lederer & Burchard, 2015). The P(q) data were 
analyzed in terms of the theory for hyperbranched polymers (Burchard, 
2004), which can adequately explain P(q) for completely substituted 
HBCD carbamate derivatives (Kishimoto et al., 2022; Mizuguchi et al., 
2023). The form factor P(q) is written as 

P(u)=

[
sin[(d − 1)arctan(ζbru)]

(d − 1)(ζbru)(1+ζbr
2u2)

(d− 1)/2

]2/

[
sin[(d − 1)arctan(ζlinu)]

(d − 1)(ζlinu)(1+ζlin
2u2)

(d− 1)/2

] (1)  

with 

ζbr
2 =

C + 1
d(d + 1)

(2)  

ζlin
2 =

2C
d(d + 1)

(3)  

where 1/C, d, and u denote the number of branching points, the fractal 
dimension of the partial chains, and the reduced scattering vector 
defined as u = q Rg, where Rg is the radius of gyration of the hyper
branched chain. When 1/C is estimated from both nw and the ratio of 
α-1,6 to α-1,4 linkages determined from 1H NMR of HBCD shown in 
Fig. S1, Rg and d are the resulting fitting parameters. The two parameters 
are chosen to be Rg = 11.8 nm and d = 1.90 for HEC200K0.27 (1/C =

A. Kobayashi and K. Terao                                                                                                                                                                                                                   
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Fig. 1. Double logarithmic plots of the form factor P(q) vs. q for (A) HEC200K0.27 and (B) HEC170K0.75 in water at 20 ◦C. The inset of each panel is the Kratky 
plot. Solid red curves denote the theoretical values from eq. 1. (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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55) and Rg = 12.5 nm and d = 1.85 for HEC170K0.75 (1/C = 39). These 
parameters are consistent with our recent research (Kishimoto et al., 
2022; Mizuguchi et al., 2023) and suggest the hyperbranched structure 
of HEC samples. Considering that the possible d range is from 1.7 (good 
solvent limit) to 2.0 (theta solvent), the current d values suggest that 
water has an intermediate solvent quality for water-soluble HEC sam
ples. The compact dimensions of HEC are also confirmed by the intrinsic 
viscosity data summarized in Table 1, where the [η] values for HEC 
samples are systematically smaller than those for linear AEC with similar 
Mw. 

3.2. Complex formation with small molecules in water 

To reveal the polymeric branching effects on the intermolecular 
interaction with small molecules, the complex formation behavior of 
HEC with iodine, ANS, and pyrene in aqueous solution was investigated. 
Fig. 2(A) shows the absorption spectra for aqueous KI–I2 solution in the 
absence or presence of HEC. The significant absorption in the visible 
light wavelength range clearly indicates the complex formation of HEC 
and iodine. The peak wavelength λ0,peak plotted against DS in Fig. 2(B) is 
systematically smaller than that for the corresponding linear AEC. It 

should be noted that the data points for the linear polymer were 
determined for the current AEC samples listed in Table 1. This is most 
likely due to the short partial chains of HEC, considering the absorption 
behavior of amylose and amylopectin containing I2. Another important 
point is that the λ0,peak of HEC decreases with increasing DS, but the 
difference between branched and linear chains becomes smaller. This is 
because the ethylcarbamate groups inhibit complexation and the ab
sorption behavior becomes closer to that of the short amylose chains. 
Similar peak shifts between HEC and AEC also suggest the random 
substitution of ethylcarbamate groups. The complexation of HEC be
comes less significant with increasing temperature, as is the case for 
linear AEC, as illustrated in Fig. S7, suggesting that the binding energy is 
essentially comparable to RT at room temperature, where R and T are 
the gas constant and absolute temperature, respectively. This is consis
tent with the previous report for amylose (Knutson et al., 1982). 

Since ANS has a significant environment-dependent peak shift in the 
fluorescence spectrum (Klymchenko & Mely, 2013), the complex for
mation ability with ANS was also confirmed by the fluorescence spectra 
shown in Fig. 3(A), where the high fluorescence is found only for the 
spectra in the presence of HEC. Fig. 3(B) and Fig. 3(C) show the DS 
dependence of the peak wavelength λ0,peak and intensity Ipeak, 

Fig. 2. (A) UV–vis absorption spectra for the HEC samples with aqueous KI–I2 solution at 20 ◦C. Dashed curve is the data without HEC. The polymer mass con
centration of AEC was 5 mg mL− 1, and the molar concentration of both I2 and KI are 50 mM. (B) DS dependence of the peak wavelength λ0, peak for HEC along with 
the data for linear (AEC) samples. 

Fig. 3. Fluorescence spectra of 1-anilinonaphthalene-8-sulfonic acid (ANS) with the indicated HEC samples in water at 20 ◦C. Dashed curve is the data without HEC. 
The polymer mass concentration of AEC was 30 mg mL− 1, and the molar concentration of ANS is 0.1 mM. (B) DS dependence of the peak wavelength λ0,peak for HEC 
and AEC in water at 20 ◦C. (C) DS dependence of the peak intensity I0,peak for HEC and AEC in water at 20 ◦C. 
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respectively. The latter Ipeak value increases significantly with increasing 
DS, indicating the hydrophobic nature of the ethylcarbamate groups. 
Furthermore, the value is significantly larger than that of the linear 
chain at the same DS, suggesting a more hydrophobic environment of 
HEC than that of AEC. This is most likely because the bent conformation 
around the branching points exhibits the hydrophobic nature. This 
seems to be related to our recent finding for specific LCST-type phase 
behavior of highly branched phenylcarbamate of HBCD (Mizuguchi 
et al., 2023) where no phase separation was observed for the corre
sponding linear chains in the same solvent condition. The specific chiral 
separation ability of HBCD-based chiral stationary phases may also be 
related to the bent conformation effect (Kishimoto et al., 2022). The 
temperature dependence shown in Fig. S8 is normal in that the Ipeak 
decreases significantly with increasing temperature for both branched 
and linear chains. Specific fluorescence behavior was also found for the 
HEC-pyrene complex, as shown in Fig. S9, where a significant fluores
cence peak for the excimer is found around λ0 = 430 nm, especially for 
HEC170K0.75, indicating a hydrophobic environment in the HEC 
molecules as in the case of polysaccharide based polymer micelles (Sato 
et al., 2022). 

3.3. Phase separation behavior of aqueous AEC solutions 

As shown in Table 1, HEC190K0.88, HEC230K1.05, HEC300K1.22, 
AEC160K0.44, and AEC200K0.64 are soluble in water only at low 
temperature, and the aqueous solution becomes turbid with increasing 
temperature. The temperature dependence of the optical transmittance 
for HEC190K0.88 in water at the indicated c is shown in Fig. 4(A). The 
cloud point temperature Tcloud was estimated from the temperature at 
which the transmittance decreases to 90 % of the initial temperature. 
The resulting Tcloud data are plotted against c in Fig. 4(B). The cloud 
point temperature of the corresponding linear polymer tends to decrease 
with increasing DS and molar mass as illustrated in Fig. S10. Since the 
ethylcarbamate groups are hydrophobic in nature, the expansion of this 
biphasic region with increasing DS and molar mass is consistent with 
most polymer-poor solvent systems. This result might recall that the 
two-phase region of a branched polymer-solvent system is generally 
narrower than the corresponding linear chain as depicted in the Intro
duction (Alessi et al., 2004; Cowie et al., 1979; Sato et al., 1985; Tasaka 
et al., 2008; Terao et al., 1998; Yokoyama et al., 1991). However, the 
Tcloud for the highly branched chains is not very different from that for 
the linear chain with similar DS and nw (Fig. 4(B)). In general, the sol
ubility in water for the LCST systems is strongly related to the hydration 
and dehydration behavior with raising temperature. Considering the 
higher hydrophobic environment around ANS in HEC than in AEC as 
shown in Fig. 3, we can insist that intermolecular interactions between 
polymer chains and solvent molecules are inhibited by the bent helical 

structure around the branching points. Consequently, we can conclude 
that the current highly branched polysaccharide samples tend to dehy
drate and destabilize the one-phase solution compared to the linear 
chains. Similar behavior was also found for a branched polysaccharide 
derivative in an organic solvent, i.e., fully substituted HBCD in methyl 
acetate (Mizuguchi et al., 2023). 

Complex formation with small molecules can affect the phase dia
gram. This has been observed for linear amylose carbamate derivatives 
(Kimura et al., 2020; Nakata et al., 2024) and polymeric crown ethers 
(Huang et al., 2018). Cloud point curves for HEC230K1.05 and 
AEC130K0.95 with or without small molecules are shown in Fig. 5. The 
concentration of small molecules was set to a constant [I2] = 1 mM or 
[ANS] = 0.34 mM, independent of the polymer concentration c. Tcloud 
with small molecules is appreciably higher than without small mole
cules. Since iodine forms a complex with polysaccharide in the form of 
I3− or I5− and ANS has an anionic group in water, the difference in Tcloud is 
mainly due to electrostatic repulsion. This is reasonable because the 
difference becomes more significant with decreasing c. A more signifi
cant difference for highly branched chains may be related to the densely 
charged groups in the complex. However, we do not pursue this dis
cussion further because there is no relevant thermodynamic theory for 
the phase diagram of polymer-solvent systems that properly accounts for 

Fig. 4. (A) Temperature dependence of the optical transmittance for HEC190K0.88 in water. rT = 1 K/min. (B) Phase diagrams, cloud point temperature Tcloud vs the 
mass concentration c, for the indicated HEC highly branched) and AEC (linear) samples in water. 

Fig. 5. Cloud point curves for (A) HEC230K1.05 and (B) AEC130K0.95 (filled 
circles) in water with indicated additives. [I2] = 1 mM, [ANS] = 0.34 mM. 
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the branching effect. 

4. Conclusions 

The molecular shape of partially substituted highly branched cyclic 
dextrin ethyl carbamate behaves as a typical hyperbranched chain 
(HEC) in solution. The compact conformation was confirmed by small- 
angle X-ray scattering and viscosity measurements. Complex forma
tion with iodine, 1-anilinonaphthalene-8-sulfonic acid (ANS), and pyr
ene was detected by appropriate spectroscopy. The results revealed that 
HEC has more hydrophobic environments inside the molecule while the 
helical structure induced by iodine is shorter than the linear chain due to 
the short partial chains and high segment density. Phase separation 
behavior was observed for the aqueous solution. The cloud point tem
peratures are almost the same as for the linear chains, while a much 
wider biphasic region is reported for the other branched polymers. This 
is most likely due to the fact that the branched structure and the hy
dration difference compensate each other. 
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