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ABSTRACT 

We had previously confirmed a glucose-responsive decrease in the viscosity of 

cetyltrimethylammonium bromide (CTAB) and phenylboronic acid (PBA) worm-like micelles 

(WLMs) systems. However, the mechanisms of the formation of WLMs and the decrease in 

viscosity with glucose addition have not been determined. In this study, we elucidated the 

mechanisms using 3-fluorophenylboronic acid (3FPBA) based on 11B NMR and 19F NMR 

analyses. The system in 60 mM CTAB/60 mM 3FPBA at pH 7.4 demonstrated high 

viscoelasticity, and the formation of WLMs in the system was confirmed by rheological 

characteristics. The 11B NMR spectrum at pH 7.4 revealed that 3FPBA existed in a neutral form 

with sp2-hybridized boron; however, the 11B signal disappeared in the presence of CTAB. In 

contrast, 19F NMR studies indicated that the quaternary ammonium ion of CTAB interacts with 

the phenyl group of 3FPBA in the sp2 form via cation- interactions. PBA derivatives react with 

various polyols, thus, we investigated the change in the viscous system after the addition of sugar 

and sugar alcohols. The viscosity of the WLMs decreased with increased polyol concentration, 

especially those of fructose and mannitol, in which the decrease was apparent at 40–160 mM 

polyols. The 19F NMR spectra revealed that polyol addition induced decrease in the sp2 form of 

3FPBA and increase in the sp3 form of 3FPBA. Based on the results, we propose the following 

mechanism of the polyol response. (1) The WLMs are stabilized by CTAB and 3FPBA in the sp2 

form using cation– interactions as the driving force. (2) When polyol is added to the system, the 

sp2 form of 3FPBA decreases, and its sp3 form increases. (3) This change means that the 

structural component of WLMs decreases, which induces the disruption of WLMs, and the 

viscosity decreases. The formation and deformation mechanisms of the WLMs determined in 

this study are notable because 3FPBA interacts as a neutral compound, whereas CTAB often 
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interacts with anionic aromatic compounds to form WLMs. Without 19F NMR measurements, 

these mechanisms would not have been discovered. 

 

1. INTRODUCTION 

Gels are typically divided into two main categories, chemical or physical, based on the type of 

cross-linking1,2. Chemical gels are cross-linked by covalent bonds; however, once this cross-link 

is broken, the structure of the gel does not recover. Conversely, physical gels are cross-linked by 

non-covalent bonds. In physical gels, as the cross-link is broken, the material reforms and 

completely recovers owing to its viscoelasticity. Several types of physical gels consist of low-

molecular-weight compounds, which are assembled by intermolecular interactions3–5. In some of 

these molecular assemblies, the structures can be changed drastically by external stimuli. Worm-

like micelles (WLMs) form sterically entangled networks that are produced by molecular 

interactions between surfactants and aromatic compounds. These WLMs exhibit unique and 

remarkable viscoelastic behavior6,7. Several stimuli-responsive WLMs8 have been reported, such 

as light9–12, thermal change13, redox14,15, and pH change16. Given the considerations and 

advantages mentioned above, these smart WLMs are potentially applicable to a wide range of 

fields. 

In the pharmaceutical field, sugar-responsive smart materials are required for diabetes mellitus. 

Hyperglycemia can result in severe health complications over time in patients with diabetes 

mellitus. Insulin administration and measurement of blood glucose (Glc) levels are essential for 

the therapeutic management of diabetes mellitus. Sugar-responsive smart materials, particularly 

those that are Glc-responsive, are promising controlled-release systems for hyperglycemia17,18 or 
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in analytical chemistry applications for blood Glc levels19. Many of these sugar-responsive 

materials utilize phenylboronic acid (PBA; Figure 1a) derivatives as sugar-sensing moiety18–21. 

PBA is a Lewis acid; a hydroxide ion reversibly coordinates with boron to form a boronate anion 

at higher pH, changing the hybridization state of boron from sp2 to sp3. This change is regarded 

as an acid-base equilibrium and can be described using pKa. The phenylboronate anion reversibly 

forms a cyclic ester with the cis-diol moieties of polyol (Figure 1d).  

 

  

Figure 1. Chemical structures of (a) phenylboronic acid (PBA), (b) 3-fluorophenylboronic 

acid (3FPBA), (c) cetyltrimethylammonium bromide (CTAB), and (d) acid-base equilibrium of 

PBA and the binding equilibrium between PBA and cis-diol compounds. 

 

Hydrogels containing PBA derivatives have potential for H2O2-triggered release systems22,23 and 

saccharide assays24,25. We previously reported a novel Glc-responsive WLM consisting of 

cetyltrimethylammonium bromide (CTAB; Figure 1c) and PBA26. In the absence of Glc, the 

micelle behaves in a gel-like manner; however, when Glc is added, the viscosity decreases. The 

mechanism of formation of WLMs and the decrease in viscosity with Glc have not been 

elucidated. It is necessary to study the intermolecular interactions or hybridization states of the 
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boron in PBA to clarify this mechanism. Generally, 11B NMR spectroscopy is useful for these 

studies. In addition, for PBA derivatives with fluorine, the hybridization state of boron can be 

determined by 19F NMR analysis. London et al. successfully obtained the pKa of 4-

fluorophenylboronic acid by 19F NMR analysis 27. In this study, we prepared CTAB-based 

WLMs using 3-fluorophenylboronic acid (3FPBA; Figure 1b) instead of PBA to investigate 

both 11B and 19F NMR spectra. Moreover, we studied the polyol response of the WLMs and its 

response mechanism. We described the system by visual observation, rheological measurements, 

ultraviolet (UV) spectroscopy, 1H NMR, 11B NMR and 19F NMR. 

 

2. EXPERIMENTAL SECTION 

2.1. Materials 

Sodium tetrafluoroborate (NaBF4), galactose (Gal), pentaerythritol (Pen), and 3FPBA were 

obtained from Tokyo Chemical Industry (Tokyo, Japan). Glc, fructose (Fru), mannitol (Man), 

diethylene glycol (DEG), sodium hydroxide solution (1 mol/L), CTAB, sodium chloride (NaCl), 

and trifluoroacetic acid (TFA) were obtained from FUJIFILM Wako Pure Chemical Co. (Osaka, 

Japan). Deuterium oxide (D2O) was purchased from Kanto Chemical Co. Inc. (Tokyo, Japan). 

Solutions of sodium deuteroxide (NaOD) (40% (w/w)) and deuterium chloride (DCl) (35% 

(w/w)) were acquired from Sigma-Aldrich (Tokyo, Japan). 

 

2.2. Preparation of the CTAB/3FPBA mixed system 
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CTAB and 3FPBA were dissolved in distilled water to obtain the desired concentration. Aqueous 

NaOH solution was used to adjust the pH. After mixing the system at 37 C for more than 12 h, 

the prepared systems were maintained at 25 C for more than 24 h to achieve equilibrium. 

 

2.3. Observation of appearance 

 Aliquots of the prepared solutions (2.0 mL) were transferred into 6-mL glass vials. Images were 

obtained 20 s after reversing the vials. 

 

2.4. Rheological measurements 

Steady and dynamic rheological measurements were conducted at 25 C using a stress-controlled 

rotational rheometer (MCR-102; Anton Paar, Ostfildern, Germany). A cone plate or concentric 

cylinder was used for both measurements. The strain () was fixed at 10% when monitoring the 

dynamic viscoelasticity. 

 

2.5. UV spectroscopy 

  The UV absorption spectra were recorded using a JASCO V-560 spectrometer (JASCO 

Corporation, Tokyo, Japan). 
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2.6. NMR measurements 

A Varian 400-MR spectrometer (Agilent Technologies, CA, USA) was used for the NMR 

analyses. NaBF4 or TFA was used as the external standard for 11B NMR or 19F NMR, 

respectively, and their chemical shifts () were set to 0 ppm. In the 11B or 19F NMR, a 10% 

aqueous D2O solution was used as the solvent, and the error in the pH was assumed to be 

negligible. Thus, the pH values were recorded directly from the pH meter. The concentration of 

3FPBA was fixed at 10 mM. In the presence of CTAB, the concentration of CTAB was fixed at 

10 mM. For the 1H NMR measurements, the pD values were obtained by converting the apparent 

pH values measured in D2O using the following equation28,29: 

pD = apparent pH + 0.44        (1) 

NaOD or DCl solutions were used to adjust the pD. In all NMR studies, the viscosity of the 

solution was sufficiently low to facilitate the measurement of the solution NMR spectra. 

 

3. RESULTS AND DISCUSSION  

3.1. Preparation of the gel and its Glc response 

 

  



 9 

Figure 2. Photographs of System 1 with various concentrations of (a) Glc or (b) diethylene 

glycol (DEG). 

 

We observed a formulation comprising 60 mM CTAB and 60 mM 3FPBA (System 1) at pH 7.4, 

with or without different concentrations of Glc (Figure 2a). System 1 without Glc exhibited a 

gel-like appearance. When the Glc concentration of System 1 was more than 10 mM, the gel 

exhibited a sol-like appearance. These results confirmed that System 1 exhibited Glc-

responsiveness. We successfully prepared a new CTAB/3FPBA viscous system whose viscosity 

decreases with increasing Glc concentration. We used DEG as a control diol compound because 

it does not react with boronic acid. System 1, with 40–160 mM DEG, maintained a gel-like 

appearance (Figure 2b).  

 

  

Figure 3. (a) Steady shear rate (�̇�)-dependent viscosity () behaviors in various 3-

fluorophenylboronic acid (3FPBA) concentrations with 60 mM cetyltrimethylammonium 

bromide (CTAB) at pH 7.4, (b) Relationship between 3FPBA concentration and 0 with 60 mM 

CTAB at pH 7.4.  
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We performed steady-state viscosity measurements to investigate the effects of the temperature, 

pH, and concentration of 3FPBA as well as the addition of NaCl, Glc, or DEG on the viscosity. 

Figure 3a depicts the viscosity () behavior as a function of the shear rate (�̇�) in a formulation 

with a fixed CTAB concentration (60 mM) and various 3FPBA concentrations at pH 7.4.  

  The zero-shear viscosity (0) was obtained from the extrapolation of , which demonstrates a 

similar value that is independent of �̇� on the y-axis. In 60 mM 3FPBA,  was almost constant at 

lower �̇�; however,  decreased as �̇� increased beyond a certain value. This result means that the 

structure of the system is maintained until a certain shear rate, but breaks thereafter. These 

characteristic rheological properties are observed in typical WLMs30,31. Figure 3b shows the 

relationship between the 3FPBA concentration and 0. The 0 increases as the 3FPBA 

concentration increases from 1.3 mPas (without 3FPBA) to 717.0 Pas (with 60 mM 3FPBA). 

This difference corresponds to a factor of 106. The 0 value without 3FPBA is close to that of 

distilled water (0.91 mPas) (Figure S1).  
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Figure 4.  Dependence of the zero-shear viscosity (0) of System 1 (60 mM 

cetyltrimethylammonium bromide and 60 mM 3-fluorophenylboronic acid) at different (a) pH 

levels, (b) temperatures at pH 7.4, and (c) NaCl concentrations at pH 7.4. 

 

Figure 4a presents the relationship between the pH and 0 for System 1. As the pH increased 

from 7.4 to 10.4, 0 decreased from 717.0 Pas to 6.43 mPas. The pKa of 3FPBA was 8.5 (see 

section 3.3), which indicated that 3FPBA mainly existed in anionic form at pH 10.4. Therefore, 

we hypothesized that the high 0 of System 1 was caused by the interactions between CTAB and 

neutral 3FPBA but not anionic 3FPBA. The results of the experiment in which Glc was added to 

System 1 (Figure 2a) also supported this hypothesis: Glc converted neutral 3FPBA to the 

anionic sugar-bound form of 3FPBA, which caused the viscosity to decrease.  
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Figure 4b illustrates the relationship between the temperature and 0 for System 1 at pH 7.4. As 

the temperature increased from 25 to 40 °C, 0 decreased from 717.0 to 46.2 Pas. This trend is 

typical for micellar solutions comprising cationic surfactants and anionic aromatic compounds32. 

Figure 4c depicts the relationship between the NaCl concentration and 0 for System 1 at pH 7.4. 

As the NaCl concentration increased from 0 to 60 mM, 0 decreased from 717.0 Pas to 479.5 

mPas. Typically, the addition of excess salt disrupts the WLMs of systems that contain ionic 

surfactants and decreases their viscosity33.  

 

 

  

Figure 5.  The behavior of 0 with various concentrations of polyols in System 1 at pH 7.4. 

 

PBA derivatives react with various polyols34, which explains the change in viscosity of System 1 

in the presence of sugar or sugar alcohol. Figure 5 shows the variation in the 0 of System 1 at 

pH 7.4 as a function of polyol concentration. As the effect of polyols in the range 20–80 mM was 
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indeterminate. Contrary to expectations, 0 for Fru was higher than that of Man and Glc at 20 

mM polyol concentration. It is well known that Glc and Gal can react with two PBAs because 

they have two binding sites for PBA, viz. -D-glucofuranose and -D-galactofuranose35. Pen can 

also react with two PBAs36. Multiple interactions might be a factor in the unexpected results 

obtained in the polyol concentration range 20–80 mM, as shown in Fig. 5. At 40 mM polyol 

concentration, 0 for Fru (19.1 mPas) was similar to that for Man (25.8 mPas). This result 

indicates that the binding constant of Fru to PBA (160 M−1) is similar to that of Man (120 M−1). 

At 80 mM polyol concentration, 0 for Fru and Man were almost 1 mPas, equal to that of water 

and spherical micelle solutions26. Thus, 0 values of Fru and Man do not decrease at 

concentrations greater than 80 mM. Instead of considering the aforementioned complex results, 

we focused on the effect of 160 mM polyols. The polyols’ effect on 0 follows the order Fru, 

Man  Pen  Gal  Glc  DEG. This trend bears close correlation to polyol reactivity with 

PBA34,37. The difference in 0 between the system without polyols and that with 160 mM Fru 

corresponds to approximately 1/106. By contrast, the effect of DEG on 0 was negligible; 0 was 

680.0–751.9 Pas with 0–160 mM DEG, which agrees with the fact that DEG does not bind with 

PBA derivatives. From the results of various parameters on0, we confirmed that System 1 

shows reactivity to polyols by reflecting the reactivity of PBA derivatives. 

3.2. Investigation of the formation of the WLM structure using dynamic viscoelasticity 

measurements 

We measured dynamic viscoelasticity to obtain additional information on the rheological 

properties and to investigate the formation or deformation of the WLMs in System 1. We 

monitored the behaviors of both the storage modulus (G) and loss modulus (G) at different 
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frequencies (). G and G correspond to the elasticity and viscosity, respectively. These two 

parameters are based on the Maxwell model in Eqs. (2) and (3). 

    G =
ω2τ2

1+ω2τ2
∙G0          (2) 

    G =
ωτ

1+ω2τ2
∙G0        (3) 

where G0 and τ are the plateau modulus and relaxation time, respectively. When the rheological 

character that fits the Maxwell model has a single τ, G and G can produce a semicircular shape 

in the Cole-Cole plot (G versus G), which is shown in Eq. (4)6,38. 

    (G −
G0

2
)

2

+ G
 2

 = 
G0

2

4
      (4) 

 

         

Figure 6. The frequency-dependent behaviors of storage modulus (G) and loss modulus (G) 

with different Glc concentrations at pH 7.4. The dotted and solid curve fittings were calculated 

according to Eq. 2 and 3, respectively. 
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Figure 6 shows the frequency-dependent behaviors of G and G in System 1 at pH 7.4. The 

profiles of G without Glc follow the simple Maxwell model shown in Eq. 2. The profiles of G 

and G without Glc differ from those with 10 or 40 mM Glc.  

The Cole-Cole plot is useful to determine how well the data fits the Maxwell model with a single 

τ6,38. The Cole-Cole plots were used to confirm the presence of WLMs30,39,40. Figure S2 shows 

the Cole-Cole plots in System 1 based on the results of Figure 6a, c.  

In the absence of Glc, a typical semicircular shape is observed (Figure S2a). Typical WLMs 

portray a semicircular Cole-Cole plot, which explains the rheological character and reflects the 

single Maxwell model with a single τ6,41. Therefore, we determined that at pH 7.4, System 1 

forms WLMs. In contrast, in the presence of 40 mM Glc, the shape of the semicircle is slightly 

deformed (Figure S2b). This result suggests that the WLM structure is partially broken. 

 

 

 

 Figure 7. The behavior of relaxation time (τ) at various concentrations of Glc in System 1 at 

pH 7.4. 
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To further investigate the effect of Glc on the deformation of WLMs, we evaluated τ from the 

results of dynamic viscoelasticity. We obtained the c at which G and G are equal. The c 

(intersection between G and G) shifts higher with increasing Glc concentrations (Figure 6). 

Then, we estimated τ according to 1/c. The parameter τ provides information on the WLM 

length because a higher τ indicates the formation of highly entangled WLMs30,42. Figure 7 shows 

the behavior of τ at various concentrations of Glc.  

An increase in the Glc concentration from 0 to 40 mM lowered τ. This result demonstrates that 

Glc breaks the chains of the WLMs to make them shorter30,42, which is related to the partial 

disintegration of the WLMs.  

 

3.3. pKa measurements for 3FPBA 

From the macroscopic scale point-of-view, we understand the polyol-responsive behavior of the 

WLMs; the viscosity of System 1 decreases by adding polyol. From the molecular-level point-of-

view, the pKa of 3FPBA helps us understand the sp2/sp3 hybridization state of boron in 3FPBA. 

We measured the UV spectra at different pH values (Figure S3) to obtain the pKa of 3FPBA. 

From the relationship between pH and absorbance at 268 nm, the pKa of 3FPBA is calculated to 

be 8.4 by using curve fitting analysis34 (Figure S4).  
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Figure 8. (a) 11B NMR spectra of 3-fluorophenylboronic acid (3FPBA; 10 mM) in 10% (v/v) 

aqueous D2O solution at different pH levels and (b) changes in  of 3FPBA with the pH. (c) 19F 

NMR spectra of 3FPBA (10 mM) in 10% (v/v) aqueous D2O solution at different pH values and 

(d) changes in  of 3FPBA with the pH. 

 

We measured the 11B NMR and 19F NMR spectra to study the hybridization state of sp2/sp3 

boron in 3FPBA. For this purpose, 19F NMR for boronic acid-containing F is a powerful tool27,43–

45.  

Figure 8 presents the 11B NMR and 19F NMR spectra of 10 mM 3FPBA at different pH values 

and the variation in  of 3FPBA, respectively. The pKa of 3FPBA is calculated to be 8.5 from 

both curve fittings (Figures 8b and d). This pKa value is close to pKa 8.4, which is obtained from 

the UV spectra (Figure S4); therefore, the values are reasonable. From the pKa value of 8.5, we 

conclude that 3FPBA is present in a neutral form with an sp2 hybridized boron at pH 7.4.  
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3.4. Study of the behavior of 3FPBA with/without CTAB or polyol 

 

 

Figure 9. (a)–(d) 11B NMR spectra of 10 mM 3-fluorophenylboronic acid (3FPBA) in 10% 

(v/v) aqueous D2O solution at pH 7.4 (a) without cetyltrimethylammonium bromide (CTAB) or 

Glc, (b) with 200 mM Glc, (c) with 10 mM CTAB, and (d) with 10 mM CTAB and 200 mM Glc. 

(e)–(h) 19F NMR spectra of 10 mM 3FPBA in 10% (v/v) aqueous D2O solution at pH 7.4 (e) 

without CTAB or Glc, (f) with 200 mM Glc, (g) with 10 mM CTAB, and (h) with 10 mM CTAB 

and 200 mM Glc. 

 

 

We further assessed the 11B NMR and 19F NMR spectra to determine the intermolecular 

interactions of 3FPBA. Figure 9 depict the 11B NMR and 19F NMR spectra of 3FPBA at pH 7.4 

with/without CTAB or Glc, respectively. In the 11B NMR of 3FPBA without CTAB or Glc, a 

single signal is observed at 29.5 ppm (Figure 9a). This signal is mainly derived from the sp2 
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boron46. Under the same conditions in the 19F NMR, a single signal is observed at −39.1 ppm 

(Figure 9e). This signal is also mainly derived from the sp2 boron27.  

In the presence of 200 mM Glc, new signals appear at 9.1 ppm in 11B NMR (Figure 9b) and at 

−40.2 ppm in 19F NMR (Figure 9f). These signals are derived from the sp3 boron27,46.  

Unfortunately, the presence of 10 mM CTAB induces the disappearance of the 11B signal of 

3FPBA (Figure 9c). Although the reason for this is unclear, it might be due to the low sensitivity 

of 11B because the spin quantum number of 11B is 3/2. In contrast, under identical conditions in 

19F NMR, a single signal is detected, which exhibits a downfield shift from −39.1 ppm (Figure 

9e) to −38.8 ppm (Figure 9g). The detectability of 19F NMR is higher than that of 11B NMR 

because the spin quantum number of 19F is 1/2. This difference is one of the factors enabling 19F 

NMR to detect signals in the presence of 10 mM CTAB. Similar downfield shifts in Figure 9g 

have been reported in fluorobenzene derivatives/cationic surfactant systems47,48. The downfield 

shift in Figure 9g suggests that the electron density near the aromatic ring decreases.  
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Figure 10. (a) 1H NMR spectra of cetyltrimethylammonium bromide (10 mM) with different 

concentrations of 3-fluorophenylboronic acid (3FPBA) in D2O at pD 5.8 and (b) changes in a 

and b with the 3FPBA concentration.  

To support this hypothesis, we obtained the 1H NMR spectra of CTAB and 3FPBA mixtures at 

pD 5.8, at which 3FPBA exists in neutral form. Figure 10a illustrates the 1H NMR spectra of 10 

mM CTAB with different 3FPBA concentrations, and Figure 10b depicts the changes in a and 

b around the ammonium groups of CTAB with the 3FPBA concentration. The increase in 

3FPBA concentration caused a and b to shift upfield, which suggested that the electron density 

around the quaternary ammonium groups of CTAB increased. Similar upfield shifts have been 

reported when CTAB and the phenyl groups of aromatic compounds interacted via cation- 

interactions16,49,50. From the results in Figures 9e and g and 10, we propose that the quaternary 

ammonium ion of CTAB interacts with the phenyl group of 3FPBA in the sp2 form via cation- 

interactions. 

Next, we discuss the effect of Glc on the chemical shifts of 3FPBA with CTAB. In the presence 

of 10 mM CTAB and 200 mM Glc in 11B NMR, a signal appears at 8.4 ppm (Figure 9d). This 

signal originates in the sp3 boron46. Under identical conditions in the 19F NMR, a signal appears 

at −40.2 ppm, and the signal at −38.8 ppm becomes smaller (Figure 9h). This result shows that 

the sp3 hybridized boron increases, whereas the sp2 hybridized boron decreases. The signal at 

−40.2 ppm in Figure 9h is consistent with the signal derived from sp3 hybridized boron in the 

presence of 200 mM Glc (Figure 9f). Thus, this result suggests that 3FPBA exists as the sp3 

hybridized boron bound to Glc, with no interaction with CTAB. To further demonstrate this 

observation, we added the 11B and 19F NMR results of 10 mM 3FPBA and 10 mM CTAB at 
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various Glc concentrations (Figure S5). In 11B NMR, signal detection in the spectra with 6.25–

100 mM Glc was indeterminate (Figures S5a–e). Under identical conditions in the 19F NMR, a 

signal at −40.1 ppm originating from the sp3 boron was detected in the presence of 6.25 mM Glc.  

The signal became larger with an increase in the Glc concentration (Figures S5f–j). We 

observed that the sp3 hybridized boron was detected despite the concentration of Glc (6.25 mM) 

being lower than that of 3FPBA (10 mM). This understanding is useful for explaining the 

viscosity change shown in Figure 5. Even if the concentration of Glc (below 40 mM) was lower 

than that of 3FPBA (60 mM), sp3 hybridized boron was formed, which caused a decrease in the 

viscosity of the WLMs. 

In addition, we studied the effect of other polyols (Pen, Man, Gal, or Fru) on the chemical 

shifts of 3FPBA in the presence of CTAB. We could not assess the reactivity of 3FPBA toward 

polyols using 11B NMR spectra because the sp2 boron signal disappeared in the presence of 

CTAB (Figures S6a–d). In contrast, the 19F NMR spectra presented two types of signals, which 

were ascribed to the sp2 and sp3 boron atoms, even in the presence of CTAB, and the balance 

between the sp2 and sp3 boron atoms could be used to assess the reactivity of 3FPBA toward 

polyols (Figures S6e, f). As illustrated in Figures 9g and h, Glc induced the conversion of sp2 

boron (−39 ppm) to sp3 boron (−40 ppm). Pen, Man, Gal and Fru induced larger conversions 

than Glc. The signal of sp2 boron was weak in the presence Gal and Pen, and disappeared in the 

presence Man and Fru (Figures S6e–h). This trend was in agreement with the reactivity of PBA 

toward polyols,34,37 which is as follows: Fru  Man  Pen  Gal  Glc. This result demonstrated 

that 3FPBA was reactive toward polyol even in the presence of CTAB. This polyol selectivity 

study also revealed that 19F NMR analysis could be used to evaluate the reactivity of 3FPBA 

toward polyol when 11B NMR was ineffective. 
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3.5. Mechanism of formation and polyol-induced deformation of WLMs 

We demonstrated that at pH 7.4, the formation of the WLM structure in System 1 exhibited high 

viscoelasticity. From a micro perspective, the cation- interactions between the phenyl group of 

3FPBA and the quaternary ammonium ion of CTAB was confirmed using 19F and 1H NMR 

(Figures 9e and g and 10). Such interactions have been previously reported, not only in 19F 

NMR47 but also in 1H NMR50–52. Moreover, 19F NMR demonstrates that at pH 7.4, 3FPBA 

mainly exists in molecular form (Figures 8d and 9e). From these results, we propose that the 

3FPBA of the sp2 hybridized form is inserted on the surface of the CTAB micelles through 

cation- interactions and WLMs are formed. Figure 11a shows the proposed schematic 

diagrams for the formation of WLMs. 

 Figure 11. Proposed schematic diagram for the formation of worm-like micelles (WLMs) in 

System 1 (a), and the deformation of WLMs by adding Glc (b). 
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We demonstrate a decrease in the viscosity of System 1, depending on the polyol concentration, 

except for DEG (Figures 2a and 5). In the Cole-Cole plot, Glc deviates from the perfect 

semicircular plot (Figure S2b). This result suggests that Glc partially breaks the structure of the 

WLMs. In addition, Glc lowers the τ of System 1 in dynamic viscoelasticity studies (Figure 7), 

which means that the chain of the WLMs is shortened when Glc is added. The results of the 19F 

NMR reveal that the sp3 hybridized boron of 3FPBA increases, whereas that of the sp2 

hybridized boron decreases upon the addition of Glc (Figure 9g, h and Figures S5f-j) or polyol 

(Figure S6e-h). Moreover, 19F NMR indicates that the 3FPBA of the sp3 hybridized boron bound 

to Glc does not interact with CTAB (Figure 9f, h). We propose the mechanism of the polyol 

response as follows: In the presence of polyol, the sp3 hybridized boron of 3FPBA increases, 

whereas the sp2 hybridized boron decreases. This change means that the structural component of 

the WLM decreases, which induces the disruption of the WLMs and decreases the viscosity 

(Figure 11b). These formation and deformation mechanisms of the WLMs are noticeable 

because it is commonplace that CTAB interacts with anionic aromatic compounds such as 

sodium salicylate to form WLMs.6,7,10,16 However, in the case of 3FPBA with CTAB, the neutral 

form of 3FPBA (sp2 boron), and not the anionic form (sp3 boron), interacts with CTAB to form 

WLMs at pH 7.4. Moreover, the anionic form of 3FPBA (sp3 boron), which binds to polyols, 

does not interact with CTAB, leading to deformation of the WLMs. Without 19F NMR 

measurements, this insight would not be found. 

 

4. CONCLUSIONS 
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 To investigate the behavior of the WLMs at the molecular level, we successfully utilized 

19F NMR data by selecting fluorinated PBA as a component of the WLMs. We conclude that the 

driving force for the formation of WLMs is the cation- interaction between the sp2 hybrid of 

3FPBA and the quaternary ammonium ion of CTAB. In addition, we reveal the mechanisms of 

the polyol-induced deformation of WLMs. With the addition of polyol, 3FPBA changes from a 

neutral to an anionic form. This change leads to the disruption of the WLMs, where the WLMs 

exhibit polyol-responsiveness. These mechanisms could not be elucidated by using the 11B NMR 

exclusively with PBA derivatives in the absence of fluorine. We propose a unique concept that 

the change in the molecular state of PBA derivatives by adding polyol induces the deformation 

of WLMs and decreases the viscosity. This understanding of the WLMs at the molecular level 

will contribute to the further development of polyol-responsive WLMs using PBA derivatives.  
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