
 1 

Solubilization and Photostabilization in a Sodium 

Deoxycholate Hydrogel of a Neutral Conjugated 

Thiophene Oligomer and Polymer  

Alessandra S. Menandro,§,†,# Laura O. Péres* § Cornelia Bohne* †,# 

§ Laboratory of Hybrid Materials, Federal University of São Paulo, Diadema, SP, Brazil  

† Department of Chemistry, University of Victoria, PO Box 1700 STN CSC, Victoria, BC V8W 

2Y2, Canada 

# Centre for Advanced Materials and Related Technology (CAMTEC), University of Victoria, 

3800 Finnerty Rd, Victoria, BC V8P 5C2, Canada 

  

https://doi.org/10.26434/chemrxiv-2024-9gm62 ORCID: https://orcid.org/0000-0001-9996-0076 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-9gm62
https://orcid.org/0000-0001-9996-0076
https://creativecommons.org/licenses/by/4.0/


 2 

ABSTRACT 

Oligo(3-hexylthiophene-co-1,4-phenylene) and poly(3-hexylthiophene) were solubilized in 

sodium deoxycholate self-assemblies in water solutions and hydrogels. The oligomer and polymer 

were incorporated as monomers into the self-assemblies with sodium deoxycholate aggregates, 

leading to the photoprotection of these neutral conjugated and water insoluble molecules. Dynamic 

light scattering, rheology and fluorescence experiments established that the deoxycholate 

aggregation and gel formation properties were not altered with the incorporation of the oligomer 

or polymer into the deoxycholate self-assemblies, showing that this adaptable host system with 

some molecular recognition elements is a viable strategy to incorporate neutral conjugated 

molecules into hydrogels. 

 

INTRODUCTION 

Conjugated oligomers and polymers are extensively used because of their optical and electronic 

properties.1-3 These materials are suitable for optoelectronic devices,4, 5 based on their 

conductivity, and for sensors,6, 7 fluorescence imaging,8, 9 and dosimeters10, 11 based on changes in 

their emissive properties. Several of these applications are desired to be compatible with an 

aqueous environment, but most conjugated oligomers and polymers are sparingly soluble in 

water.1, 9, 12, 13 This solubility can be enhanced by the synthesis of modified structures containing 

hydrophilic groups, such as charged functionalities,14, 15 and is essential for the development of 

these polymers for bioapplications.16 However, synthetic modifications have the drawback that 

frequently other properties of the molecules are also modified,17, 18 and the same synthetic 

methodology is not applicable over a broad range of oligomers and polymers with different 
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structures. Solubilization using a supramolecular system provides an alternate approach where the 

oligomeric or polymeric frameworks do not need to be synthetically modified, making it possible 

to use the same supramolecular system with structurally different conjugated molecules.  

Supramolecular systems rely on intermolecular interactions to solubilize water-insoluble 

molecules. Encapsulation into hosts, such as cyclodextrins and cucurbit[n]urils,19, 20 or the 

formation of self-assemblies, such as micelles,21-24 are examples of supramolecular systems used 

for the solubilization of molecules of different sizes. Host-guest systems with defined 

stoichiometries, as formed with cyclodextrins and cucurbit[n]urils, suffer from a similar 

disadvantage as synthetic modifications of polymers because the scope for structural changes of 

the included guest is limited by the size of the host’s binding site. In contrast, micelles are more 

versatile but lack specificity for molecular recognition. Therefore, a system is desired that has the 

ability for molecular recognition but also has flexibility to accommodate molecules with different 

sizes and shapes to achieve the solubilization of a range of molecules with different structural 

features. 

Bile salts form aggregates in solution25, 26 with binding sites that have different properties.27 The 

aggregation process is progressive with the increase of the bile salt concentration or ionic strength 

first forming small primary aggregates with hydrophobic binding sites and then forming larger 

secondary aggregates with binding sites for hydrophilic molecules.27 These aggregates are 

adaptable to the structure of small molecules, accommodating both, very hydrophobic molecules 

and molecules with hydrophilic moieties.28, 29 Bile salts, as natural products, can be used in 

humans. Some bile salts, such as sodium deoxycholate (NaDC, Chart 1), can form self-assembled 

hydrogels near physiological pH30 providing the opportunity to immobilize included guest 

molecules in a viscoelastic material. The formation of gels can be facilitated with the addition of 
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di- or trivalent cations.31 Bile salts have been used to solubilize in aqueous solutions and in 

hydrogels a large variety of molecules, such as ionic polymers,32 photochromic molecules,33 

organic molecules,34, 35 and carbon nanotubes,36, 37 and bile salts have been used in advanced 

material engineering.38  

Based on the self-assembly behavior of NaDC, we explored the ability of NaDC to solubilize 

and photochemically stabilize a neutral conjugated oligomer, oligo(3-hexylthiophene-co-1,4-

phenylene) (OTPh, Chart 1). The intrinsic fluorescence of OTPh, the fluorescence of pyrene as an 

added hydrophobic probe, dynamic light scattering, and rheology experiments were used to 

characterize the OTPh/NaDC system. This work shows that the self-assembly of OTPh with NaDC 

in solution and in the gel arises from the interaction of the self-assembled NaDC aggregates with 

the oligomer, showing that interactions found in solution systems translate to the hydrogel. 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.26434/chemrxiv-2024-9gm62 ORCID: https://orcid.org/0000-0001-9996-0076 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-9gm62
https://orcid.org/0000-0001-9996-0076
https://creativecommons.org/licenses/by/4.0/


 5 

Chart 1. Structures of oligo(3-hexylthiophene-co-1,4-phenylene) (OTPh), poly(3-

hexylthiophene) (P3HT), pyrene and sodium deoxycholate (NaDC). 

 

 

The oligomer OTPh was chosen as a conjugated polymer model molecule39, 40 to study the 

aqueous solubilization with NaDC in solution and hydrogels. This choice was based on the low 

water solubility of OTPh, and our approach is distinct from previous ones where hydrogels 

containing ionic water-soluble conjugated polymers or oligomers were formed,41-43 or the 

synthesized conductive polymers formed the hydrogel.44, 45 The solubilization of OTPh was 

compared to that of a commercial conjugated polymer poly(3-hexylthiophene) (P3HT, Chart 1), 

establishing the viability of using NaDC in a supramolecular strategy for the solubilization of 

neutral conjugated polymers. 
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EXPERIMENTAL 

Materials. Sodium deoxycholate (NaDC, Sigma Aldrich, 98%), methanol (Fisher, spectral 

grade, ≥ 99.9%), chloroform (Fisher, spectral grade, ≥ 99.9%), NaH2PO4 (Anachemia, > 98%), 

Na2HPO4 (Anachemia, > 98%), sodium iodide (Sigma Aldrich, 99.999%) and nitromethane (Sigma 

Aldrich, ≥ 98.5%) were used as received. OTPh (Mw= 736 g mol-1, Mn/Mw = 1.05) was synthesized 

by the Suzuki route (see Supporting Information).46 Regiorandom P3HT (Sigma Aldrich, Mw= 

25,230 g mol-1, Mn/Mw = 1.9) was used as received. Pyrene (Sigma Aldrich, ≥ 99%) was 

recrystallized from ethanol twice. The purity of pyrene was established by observing a 

monoexponential fluorescence decay kinetics in water.47 All aqueous samples were prepared using 

deionized water (Barnstead NANOpure deionizing systems, 17.8 MΩ cm). 

Sample preparation. NaDC was dissolved in water to achieve solutions with concentrations 

between 25 and 200 mM. A pyrene stock solution of 3 mM was prepared in methanol. Required 

volumes of this stock solution were injected into solutions of OTPh/NaDC or NaDC to prepare 

solution samples or hydrogels. NaI stock solutions (1M) were prepared by dissolving the solid in 

water, while nitromethane stock solutions (1 M) were prepared by diluting liquid nitromethane in 

water. A fresh stock solution of NaI was prepared for each experiment and was kept in the dark. 

NaH2PO4 and Na2HPO4 were dissolved in water to obtain 0.5 M buffer solutions with a pH of 6.45 

± 0.01 at 25 °C. 

OTPh (1 mg) was added to 50.0 mL of a NaDC solution. This solution was sonicated for 10 min 

(Branson 1510 water bath sonicator) and was kept at rest for two weeks to allow for the complete 

solubilization of the oligomer. Clear solutions were obtained with an OTPh concentration of 0.02 

mg mL-1 and NaDC concentrations of 50 or 100 mM. These solutions were diluted with NaDC 
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solutions to obtain lower OTPh concentrations. The same procedure was followed for the control 

experiments where the solubilization of OTPh in water was attempted in the absence of NaDC. 

P3HT was solubilized by adding 1670 μL of the P3HT stock solution (0.5 mg mL-1) in 

chloroform to a 7-dram vial. The solvent was evaporated by a flow of air to form a film on the 

walls of the vial. A NaDC solution (200 mM, 5.0 mL) was added, and the sample was stirred with 

a magnetic stirrer for one week after which the sample was sonicated for 90 min (Branson 1510 

water bath sonicator) and then centrifuged to remove remaining film particles. These samples were 

kept at rest for two weeks leading to a decrease of the solution’s light scattering. Clear yellow 

solutions were obtained with a P3HT concentration of 0.027 mg mL-1and a NaDC concentration 

of 200 mM. For lower P3HT concentrations, the P3HT/NaDC solutions were diluted using NaDC 

solutions. The concentrations of P3HT in NaDC were determined by using an estimated molar 

absorption coefficient since P3HT is not soluble in water but is soluble in chloroform.12 This 

estimate was determined from the ratio of the molar absorption coefficients of OTPh in chloroform 

and NaDC solutions and the molar absorption coefficient of P3HT in chloroform. 

Hydrogels were prepared in a glass vial by adding the required volume of a stock solution of 

NaDC (200 mM), a pre-solubilised stock solution of OTPh (0.02 mg mL-1) in NaDC (100 mM), 

or a pre-solubilised stock solution of P3HT (0.027 mg mL-1) in NaDC (200 mM). Phosphate buffer 

(0.5 M) was added to each sample and the volume of 5.0 mL was completed with water. When 

required, pyrene was added to the solutions by injecting the appropriate volume of the pyrene stock 

solution. All samples were placed for 30 s on a Vortex mixer (Thermolyne Type 37600 Mixer) 

and were then heated at 60 °C for 15 min. The hot solutions (3.0 mL) were transferred to 10 mm 

× 10 mm quartz cells and the gels formed as the samples cooled. These samples were kept at rest 

for 20 h in the dark before any measurements were performed. No precipitation of NaDC and 
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OTPh or P3HT was observed. The final concentrations in the gels were 90 mM for NaDC, 0.006 

mg mL-1- for OTPh or 0.005 mg mL-1 for P3HT, 10 µM for pyrene, and 50 mM for the phosphate 

buffer. 

Instrumentation. All spectroscopic experiments were performed using 10 mm × 10 mm quartz 

cells. A Cary 1 or Cary 100 UV-visible spectrometer was used to measure absorption spectra (step 

size of 1 nm, integration of 0.1 s). A PTI QM-40 spectrofluorimeter was used to measure steady-

state fluorescence spectra (step size of 0.5 nm, integration of 0.25 s) using a bandwidth of 1 nm 

for the excitation and emission monochromators. Samples were excited close to the absorption 

maxima of OTPh (280 nm), pyrene (335 nm) and P3HT (430 nm). Solutions containing only NaDC 

(Figure S1) were used as control experiments and the absorption and emission spectra for these 

control samples were subtracted from the spectra for OTPh/NaDC and P3HT/NaDC solutions or 

gels. The experiments were performed at 25 °C. 

Time-resolved fluorescence measurements were carried out with an Edinburgh Instruments 

OB920 single-photon counting system using a 16 nm bandwidth for the emission monochromator. 

OTPh/NaDC/pyrene and OTPh/NaDC samples were excited at 335 nm (EPLED-330, Edinburgh 

Instruments) and emission decays were collected at 400 or 470 nm. The decays were collected up 

to 10,000 counts in the channel of maximum intensity and the time window for collection was 2 

μs. 

The decays were fit to a sum of exponentials (eq 1) to recover the fluorescence lifetimes, where 

Ai is the pre-exponential factor and τi is the fluorescence lifetime for each emitting species. The 

tail-fitting routine in the FAST software from Edinburgh Instruments was used for the fits of 

individual pyrene emission decays, since the EPLED-330 emission profile is narrow compared to 

the 2 µs collection time window. Global analysis in the FAST software was used to simultaneously 
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fit the kinetics measured at different wavelengths. Control experiments for the emission of OTPh 

were performed with shorter collection times and the reconvolution of the instrument response 

function was used for the fit of the data to equation 1. The quality of the fits was evaluated from 

the c2 values (0.9−1.2) and the randomness of the residuals. The single photon counting 

experiments were performed at 20 °C. 

𝐼(𝑡) = 	'𝐴!𝑒
" #$!

!

%

	

 (1) 

Dynamic light scattering (DLS) measurements were carried out with a Malvern Zetasizer Pro 

spectrometer using a He-Ne laser at 633 nm in backscattering mode at a 173° angle. These 

measurements were performed at 25 °C using 10 mm × 10 mm fluorescence quartz cells. The 

solvents used for the washing of glassware and the water used for the preparation of NaDC 

solutions were filtered using 0.2 μm syringes filters (Hydrophilic Millipore® PTFE). In order to 

eliminate dust particles, syringes, sample vials and cuvettes were washed with methanol followed 

by water. Final solutions containing NaDC and OTPh or P3HTwere filtered through 0.45 μm syringes 

filters (nylon Basix™). The samples were kept at rest overnight before the measurements were 

performed to allow for the sedimentation of any remaining dust. For each independent experiment, 10 

runs were acquired. For the data analysis, the viscosity assumed was that of water and the general-

purpose method in the ZS Xplorer 2.01 software from Malvern Panalytical Ltd was used. 

Rheology measurements were carried out using an Anton Paar MCR 302 Rheometer with a 

cone-plate geometry (50 mm diameter, and 2° angle). The OTPh/NaDC and P3HT/NaDC 

hydrogels were prepared by transferring the hot solution to a 35 mm × 10 mm polystyrene Petri 

dish and the sample was kept at rest for 20 h in the dark. The gels were gently lifted with a spatula 

and then moved to the rheometer’s geometry base (see video in the Supporting Information). 

https://doi.org/10.26434/chemrxiv-2024-9gm62 ORCID: https://orcid.org/0000-0001-9996-0076 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-9gm62
https://orcid.org/0000-0001-9996-0076
https://creativecommons.org/licenses/by/4.0/


 10 

Thereafter, the cone-plate geometry was lowered to the measuring gap of 211 μm, and the sample 

was trimmed at the edges. Strain amplitude sweep experiments were performed between 0.01% 

and 100% sheer strain at a fixed frequency of 6.28 rad/s (1 Hz) to determine the linear viscoelastic 

range for the hydrogel. Oscillatory frequency sweep experiments were carried out in the frequency 

range of 0.1–100 rad/s (0.016–16 Hz) at a constant shear strain of 0.1%. All the experiments were 

performed at 20 °C. 

Determination of molar absorption coefficients of OTPh and P3HT in NaDC solutions. The 

OTPh/NaDC solution at various OTPh concentrations (0.0012–0.02 mg mL-1) was prepared by 

diluting an OTPh/NaDC solution ([OTPh] = 0.02 mg mL-1) with a NaDC solution. The molar 

absorptivity value was determined from the dependence of the absorption with the OTPh 

concentration. For P3HT/NaDC solutions, the molar absorptivity value for P3HT was estimated 

from the molar absorptivity values of P3HT in chloroform and the ratio between the molar 

absorptivity values of OTPh in chloroform and NaDC solutions. The molar absorptivity values for 

OTPh and P3HT in chloroform were determined by measuring the absorption of solutions with 

different concentrations prepared by dilution of stock solutions. The average molar absorption 

coefficient values were obtained from two independent experiments and errors correspond to 

standard deviations. 

Photodegradation experiments. Solutions of OTPh/NaDC ([OTPh] = 0.02 mg mL-1) and 

P3HT/NaDC ([P3HT] = 0.01 mg mL-1), and gels of OTPh/NaDC ([OTPh] = 0.006 mg mL-1) and 

P3HT/NaDC ([P3HT] = 0.005 mg mL-1) were irradiated using a custom-built irradiation system48 

based on a PTI QM2 fluorimeter sample compartment coupled to the PTI irradiation system 

containing a xenon-arc irradiation lamp (75W). The samples were irradiated at 365 nm with a 20 

nm bandwidth. Absorption spectra were collected at defined times of irradiation with one of the 
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Cary spectrometers. As a control, the degradation was studied for OTPh (0.02 mg mL-1) and P3HT 

(0.01 mg mL-1) in chloroform following the same procedure. All the experiments were performed 

at 20 °C. 

Quenching experiments. Quenching by iodide anions or nitromethane of the singlet excited states 

of pyrene in OTPh/NaDC/pyrene and NaDC/pyrene solutions was carried out by sequential 

injections into the same solution of increasing volumes of quencher. For the OTPh/NaDC/pyrene 

and NaDC/pyrene hydrogels, different gels were prepared for each concentration of quencher 

maintaining OTPh/NaDC/pyrene and NaDC/pyrene concentrations constant. The emission spectra 

for pyrene were integrated between 372 and 396 nm. The ratio of intensities in the absence (I0) 

and presence of quencher (I) follows a linear relationship (eq 2) with the quencher concentration 

([Q]), where KSV is the Stern-Volmer constant. KSV corresponds to the product of the quenching 

rate constant (kq) and the lifetime of singlet excited state pyrene in the absence of quencher (t0). 

𝐼&
𝐼 = 1 + 𝐾SV[𝑄]	

 (2) 

Excited state lifetimes were determined from fluorescence decays measured in time-resolved 

studies. These lifetimes are inversely proportional to the excited state decay rate constants in the 

absence (k0) and presence (kobs) of quencher. The quenching rate constant was obtained from the 

linear relationship between kobs for each emitting species and the quencher concentration (eq 3). 

𝑘obs = 𝑘& +	𝑘,[𝑄] 

 (3) 
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RESULTS and DISCUSSION 

NaDC aggregates in water solubilize OTPh leading to the disappearance of the spectroscopic 

signature of OTPh aggregation that is observed in aqueous suspensions. The poor solubility of 

OTPh in water led to the detection of light scattering in the suspension’s absorption spectrum due 

to the presence of large particles and to the observation of OTPh excimer emission which indicates 

that the OTPh chromophores are in close proximity (Figure S2). OTPh/NaDC solutions with at 

least 50 mM NaDC are clear and show the structured absorption and emission spectra for 

monomeric OTPh (Figure 1a). No excimer emission was observed for the OTPh/NaDC solutions 

showing that the oligomers are isolated when bound to NaDC aggregates. The OTPh/NaDC 

solutions remain stable for at least three months, while for the OTPh suspensions in water the 

oligomers settle continuously over a period of days. 
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Figure 1. (a) Absorption spectra of OTPh (0.006 mg mL 1) solubilized in NaDC 50 mM (red) and 

100 mM (blue). Inset: fluorescence spectra (λex = 280 nm) of OTPh (0.006 mg mL-1) solubilized 

in NaDC 50 mM (red) and 100 mM (blue). (b) Absorption spectrum of P3HT (0.005 mg mL-1) 

solubilized in NaDC 200 mM (green). Inset: fluorescence spectrum (λex = 430 nm) of P3HT (0.005 

mg mL-1) solubilized in NaDC (200 mM) (green). 

Changes in the normalized absorption and emission spectra of OTPh (0.02 mg mL-1) showed 

that all OTPh was solubilized at 50 mM NaDC and higher concentrations (Figure S3), since the 

absorption maxima and peak ratios between the absorbance at 300–310 nm and 250–260 nm of 

OTPh were similar to those in chloroform where OTPh is completely soluble. In contrast at 25 

mM NaDC, the OTPh absorption peak ratio was lower than observed in chloroform suggesting 

only partial solubilization of the oligomer. The molar absorption coefficients at the absorption 
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maxima of 301 and 305 nm for OTPh in 50 and 100 mM NaDC were determined to be 18.8 ± 0.5 

mL mg-1cm-1 and 21.0 ± 0.2 mL mg-1cm-1, respectively (Figure S4, average of two independent 

experiments), suggesting that OTPh is in similar environments at these two NaDC concentrations. 

These values are smaller than the value determined in chloroform (36 ± 3 mL mg-1cm-1). However, 

no inference as to the polarity of the environment for OTPh binding in NaDC aggregates can be 

made from these data since no clear trend was observed for the molar absorptivity values of OTPh 

in solvents with different polarities (Figure S5). The normalized emission spectra of OTPh in 

NaDC are blue shifted when compared to the spectrum in chloroform (Figure S3a inset). In the 

presence of 50 mM NaDC and higher bile salt concentrations, the OTPh the emission spectra are 

the same indicating that the environment around OTPh does not change as the concentration of 

NaDC is increased above 50 mM. 

NaDC aggregates solubilize the P3HT conjugated polymer, which is a polymer that has low 

solubility in several solvents including water.12 A modified methodology was used where a film 

of the polymer was deposited on the walls of the vial before adding the NaDC solution, allowing 

for more efficient solubilization than just suspending the solid polymer in solution. The remaining 

solids were removed by centrifugation. Broad absorption and emission spectra were observed 

without the presence of any excimer emission (Figure 1b), indicating that isolated polymer chains 

were solubilized. A shift in the absorption maximum for P3HT to 375 and 393 nm in the presence 

of 100 and 200 mM NaDC, respectively, was observed when compared to the maximum at 430 

nm for P3HT in chloroform (Figure S3b). This blue shift, which is more prominent at the lower 

NaDC concentration, suggests that NaDC solubilizes first the polymers with shorter chain lengths. 

The molar absorption coefficient of P3HT in 200 mM NaDC was estimated to be (32 ± 3 mL mg-

1cm-1) based on the molar absorption coefficient of P3HT in CHCl3 (54 ± 2 mL mg-1cm-1). The 
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normalized emission spectra for P3HT bound to NaDC aggregates are similar (Figure S3b inset) 

with a small shift to longer wavelengths being observed at the higher NaDC concentration, which 

reflects the solubilization of polymers with different chain lengths. 

Incorporation of OTPh or P3HT into NaDC aggregates in aerated solutions led to the protection 

of these molecules from photodegradation which was readily observed in aerated chloroform 

solutions (Figure 2 and S6). The protection afforded by the NaDC aggregates indicates that 

incorporation of the oligomer or polymer into NaDC aggregates decreases the efficiency of the 

photodegradation pathways. 
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Figure 2. Absorption spectra as a function of time under UV-light irradiation at 365 nm for (a) 

OTPh (0.02 mg mL-1) in a 100 mM NaDC solution, and (b) P3HT (0.01 mg mL-1) in a 200 mM 

NaDC solution. Inset: Absorption spectra in chloroform before (black) and after 24 h (red) UV-

light irradiation at 365 nm of (a) OTPh (0.02 mg mL-1) and (b) P3HT (0.01 mg mL-1).  

DLS experiments showed that the interaction of OTPh or P3HT with NaDC does not 

significantly change the size of the NaDC aggregates in solution but changes the distribution 

between the different types of aggregates and their polydispersity. Bile salts form small primary 

aggregates that further aggregate into secondary aggregates as the concentration of bile salt is 

raised.25, 49 The hydrodynamic radius (Rh) of the primary aggregates increased from 1.2 nm to 1.5 

nm, while the Rh of the secondary aggregates increased from 170 nm to 300 nm when the NaDC 

concentration was raised from 50 to 200 mM (Table 1, Figure 3). Addition of OTPh to NaDC 
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solutions led to an increase of the fraction of the larger aggregates without significantly changing 

the Rh values. The OTPh addition also led to an increase in the polydispersity of the particle sizes, 

which was larger at the lower NaDC concentration of 50 mM. Control experiments showed that 

the fluorescence intensity did not change after the solutions were filtered through 0.45 µm filters 

for samples with 100 mM NaDC, while samples containing 50 mM NaDC showed a 14% decrease 

in the emission intensity (Figure S7). This result suggests that samples with 50 mM NaDC 

contained larger particles which are not represented in the DLS experiments and which were absent 

when the NaDC concentration was 100 mM. The addition of P3HT to NaDC solutions had the 

same effect as observed for OTPh (Table 1) and P3HT was completely solubilized in the presence 

of 200 mM NaDC as the fluorescence intensity remained the same after filtration (Figure S7). 

These results suggest that at the higher NaDC concentrations the addition of OTPh or P3HT does 

not disrupt the formation of primary or secondary NaDC aggregates, and the interaction of the 

NaDC aggregates with the oligomer or polymer is responsible for the solubilization of these 

molecules.  
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Table 1. Hydrodynamic radii (Rh) and polydispersity index (PI) obtained from the size 

distributions for NaDC, OTPh (0.02 mg mL-1) and P3HT (0.01 mg mL-1) in NaDC solutions.a 

Sample 
[NaDC] / 

mM 
PI Rh(1) / nm Rh(2) / nm 

NaDC 50 0.22 ± 0.02 1.23 ± 0.06 170 ± 30 

OTPh/NaDC 50 0.8 ± 0.4 1.17 ± 0.02 150 ± 30 

NaDC 100 0.18 ± 0.01 1.37 ± 0.04 220 ± 70 

OTPh/NaDC 100 0.29 ± 0.04 1.33 ± 0.03 170 ± 30 

NaDC 200 0.19 ± 0.01 1.54 ± 0.02 300 ± 60 

P3HT/NaDC 200 0.82 ± 0.05 1.56 ± 0.02 320 ± 40 

a, average of two independent experiments; the errors correspond to average deviations. 
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Figure 3. Size distributions for the hydrodynamic radii and the correlation functions (inset) for 

solutions containing: (a) NaDC (black, 50 mM) and OTPh/NaDC (red, [OTPh] = 0.02 mg mL-1, 

[NaDC] = 50 mM) ; (b) NaDC (black, 100 mM) and OTPh/NaDC (blue, [OTPh] = 0.02 mg mL-1, 

[NaDC] = 100 mM); (c) NaDC (black, 200 mM) and P3HT/NaDC (green, [P3HT] = 0.01 mg mL-

1, [NaDC] = 200 mM) solutions. Average of two independent experiments. 

Stable hydrogels are formed with OTPh or P3HT at sufficiently high NaDC concentrations and 

these gels afford protection against the photodegradation of the oligomer or polymer. The gels 
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were formed without the addition of di- and trivalent cations since many of these cations affect the 

emissive properties of fluorophores. OTPh (Figure S8) and P3HT (Figure S9) were incorporated 

as monomers when the solutions were vigorously shaken before the heating cycle for gel 

formation, while excimer emission was observed when the solutions were not shaken. Such a 

mechanically induced gelation has been observed for organogels.50, 51 In the case of NaDC gels 

the mechanical energy likely reduced the energy barrier for de-aggregation of OTPh. This effect 

led to the incorporation of isolated oligomers or polymers into the aggregates of NaDC. The 

OTPh/NaDC gel with 45 mM NaDC was not stable as the monomer emission decreased over time, 

while in the presence of 90 mM NaDC the emission remained constant (Figure S8 and Table S1). 

The instability of the gel with 45 mM NaDC is consistent with the DLS solution studies in the 

presence of 50 mM NaDC. For the latter, a high polydispersity was observed and material was lost 

in the filtration step for DLS sample preparation. In addition, solubilization of monomeric OTPh 

and P3HT in the NaDC hydrogel led to protection from photodegradation (Figure S10), but this 

protection was less efficient than observed with NaDC aggregates in aqueous solution. 

The incorporation of OTPh or P3HT into NaDC hydrogels does not alter the mechanical 

properties of the NaDC gel. The viscoelastic properties of the gels were studied by rheology 

(Figure 4). For a gel, the storage modulus (G’) is higher than the loss modulus (G”) indicating that 

the elastic behavior is dominant. In the linear viscoelastic region, the strain is not sufficient to 

break the molecular interactions that form the gel. Above the critical strain, the gel breaks down 

which led to the decrease of both G’ and G”, and G” became higher than G’ indicating that the 

viscous behavior became dominant. The linear viscoelastic region was determined in amplitude 

sweep experiments and the critical strain for NaDC, OTPh/NaDC and P3HT/NaDC is ca. 1% 

(Figure 4a, d). Therefore, a strain of 0.1% was used to further characterize the gels. In the 
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oscillatory frequency sweep experiments, the values of G’ and G” increased at high angular 

frequencies until G” slightly exceeded G’ (Figure 4b, e). Consequently, the complex viscosity (η*) 

of the system (Figure 4c, f), which is a measure of the total resistance of the material to flow, 

decreased with the increase in angular frequency. This behavior follows the Maxwell model and 

agrees with previous rheology studies for NaDC gels.52-54 Addition of OTPh or P3HT did not 

change the behavior observed for the NaDC gel in any of the rheology experiments performed. 

This result shows that incorporation of OTPh or P3HT into the NaDC gel does not affect the 

intermolecular forces responsible for forming the hydrogel’s immobile phase and does not change 

the molecular structure of the gel. 
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Figure 4. Rheology measurements for the gels of NaDC (black, 90 mM), OTPh/NaDC (left panels 

a, b, and c, blue, [OTPh] = 0.006 mg mL-1, [NaDC] = 90 mM) and P3HT/NaDC (right panels d, 

e, and f, green, [P3HT] = 0.005 mg mL-1, [NaDC] = 90 mM). Panels a, d: G′ (solid symbols) and 

G″ (open symbols) as a function of strain (g) with a fixed angular frequency of 6.28 rad s-1. Panels 

b, e: G′ (solid symbols) and G″ (open symbols) as a function of angular frequency with a fixed 

strain of 0.1%. Panels c, f: complex viscosity as a function of angular frequency.  
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The addition of the guest molecule pyrene, which is known to bind to the hydrophobic sites of 

the primary aggregates of bile salts,55-57 was used to probe if the presence of OTPh affects the 

properties of the primary aggregate binding site in NaDC aggregates. The fluorescence spectrum 

and singlet excited state lifetime of pyrene are sensitive to the local environment around pyrene.58-

60 In addition, the long lifetime of the pyrene singlet excited state is suitable for fluorescence 

quenching studies, since the shortening of this lifetime occurs at low quencher concentrations. The 

inclusion of pyrene into protected supramolecular systems leads to a decrease of the quenching 

rate constant of excited pyrene and provides information on the mobility of the quencher to the 

site containing pyrene.61 Pyrene can also form excimers when an excited pyrene and a ground state 

pyrene are located in close proximity within a microheterogeneous system.59 These photophysical 

properties were compared for the fluorescence of pyrene in NaDC and OTPh/NaDC gels. The 

quenching of excited pyrene by nitromethane, as a neutral quencher, and iodide anion, as a 

negatively charged quencher, were studied to provide information on possible changes in the 

structure of the supramolecular binding site for pyrene when OTPh was added to the NaDC gel. 

Pyrene and OTPh are solubilized in separate sites in the NaDC hydrogel since no energy transfer 

was observed between the excited state of OTPh and ground state pyrene. The singlet excited state 

lifetimes of conjugated oligomers and polymers are short,62-64 and the fluorescence decay for OTPh 

in NaDC occurs over a much shorter timescale than the 2 µs timescale used to measure the decay 

of the pyrene fluorescence (Figure S11). In addition, the lifetimes for the singlet excited state of 

pyrene is shorter than the lifetime for the dissociation of guests bound to the primary aggregates 

of bile salts.27-29, 57 Therefore, the singlet excited states of OTPh and pyrene do not relocate during 

their lifetimes and the emissions from these excited states report on the local binding environment 

of OTPh and pyrene in the NaDC hydrogel.  
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The absorption spectra of pyrene and OTPh overlap. The absorption spectrum for 

OTPh/NaDC/pyrene corresponds to the sum of the two individual spectra of pyrene and OTPh, as 

the subtraction of the OTPh/NaDC spectrum from the OTPh/NaDC/pyrene spectrum is the same 

as for the NaDC/pyrene spectrum (Figure S12). At an excitation wavelength of 335 nm, pyrene is 

mostly excited and the emission intensity for the NaDC/pyrene gel is much higher than the 

emission for the OTPh/NaDC gel (Figure 5), reflecting the large difference in the molar absorption 

coefficients at this excitation wavelength and in the singlet excited state lifetimes for OTPh and 

pyrene. The pyrene emission intensity of the OTPh/NaDC/pyrene gel is slightly lower (ca. 8%) 

than that of the NaDC/pyrene gel. When the samples were excited at 280 nm, the absorption of 

OTPh was higher than for pyrene, the OTPh emission was observed at wavelengths shorter than 

360 nm (inset Figure 5), and the pyrene emission for the gel containing OTPh is ca. 12% lower 

than in the absence of OTPh. The pyrene emission intensity of the gel containing OTPh should 

have been higher than for the NaDC/pyrene gel if energy transfer would have occurred from 

excited OTPh to ground state pyrene. The lack of energy transfer indicates that OTPh and pyrene 

can be considered as independent chromophores in the gel. The small decrease in the pyrene 

fluorescence intensities in the presence of OTPh is likely a consequence of a small decrease in the 

number of photons absorbed by pyrene due to the absorption by OTPh at both excitation 

wavelengths of 335 and 280 nm (0.07–0.12). A significant decrease of the pyrene emission would 

have been observed if OTPh had quenched the singlet excited state of pyrene. The fact that pyrene 

and OTPh are in separate environments makes it possible to use the fluorescence of pyrene as a 

probe to interrogate if the structure of the primary aggregates in NaDC gels is significantly changed 

at the molecular level when OTPh was added to the gel. 
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Figure 5. Fluorescence spectra (λex = 335 nm; inset: λex = 280 nm) for NaDC gels (90 mM) with 

only pyrene (10 µM, black), only OTPh (0.006 mg mL-1, blue), and with both OTPh (0.006 mg 

mL-1) and pyrene (10 µM, red).  

The intensity ratio for the pyrene emission peaks close to 371 nm (I) and 383 nm (III) is sensitive 

to the polarity of the environment around pyrene. This I/III ratio is high in water (1.92 ± 0.01 

average two independent experiments, Figure S13) and low (0.5–0.6) in non-polar solvents.58, 60 

The I/III ratio was determined to be 0.77 ± 0.01 for pyrene bound to NaDC in solution or in the 

hydrogel. This value is similar to those observed previously for pyrene in NaDC solutions and gels 

(0.7–0.8).65, 66 The I/III ratio for the emission of pyrene did not change when OTPh was added to 

NaDC in solution or in the gel (Table S2). In addition, no excimer emission was observed for 

solution samples. The ratio of the emission intensities at 470 and 380 nm, where the excimer and 

monomer predominantly emit, was very low and this ratio was the same in the presence or absence 

of OTPh (Table S2). In the case of the gels, the values for this intensity ratio are higher than the 

ratio in solution, suggesting that a small amount of excimer could be present in these samples. 

Measurements of excited state lifetimes are instrumental to differentiate fluorophores located in 

different environments in a compartmentalized system. The lifetime of excited pyrene is 130 ns in 

water,47 and it is lengthened when pyrene is incorporated into different supramolecular host 
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systems. The fits of the decays of the fluorescence of pyrene in the NaDC/pyrene (Figure S11) and 

OTPh/NaDC/pyrene gels recovered one lifetime in each gel of 381 ± 1 ns and 380 ± 2 ns, 

respectively. These lifetimes are similar to values observed when pyrene is bound to the primary 

aggregates of bile salts (320–400 ns).55, 57, 65 The presence of only one lifetime for the pyrene 

emission indicates that pyrene is solely located in the NaDC primary aggregates of the gel, since 

a shorter lived component would have been detected if some pyrene molecules were in the aqueous 

phase of the gel. These results indicate that the local environment in the binding sites for pyrene 

in the NaDC gels is not affected by the addition of OTPh. The measurement of one lifetime for 

pyrene also suggests that no detectable excimer emission is present since a fast decay for the 

formation of excimers would have been observed (see below). However, the measurements of the 

I/III ratios and lifetimes cannot eliminate the possibility that OTPh interacts with the primary 

aggregates containing pyrene by forming structures where pyrene has a different accessibility to 

molecules residing in solution. Quenching studies are required to probe for the presence of such 

structures because these quenching experiments are a measure of the accessibility of the quencher 

to excited pyrene bound to NaDC aggregates.61 

The iodide anion and nitromethane quenchers primarily reside in the aqueous phase of the NaDC 

and OTPh/NaDC gels. These molecules are known quenchers of the singlet excited state of pyrene 

in water ((1.1 ± 0.1) × 109 M-1 s-1 for iodide anions57 and (7.1 ± 0.2) × 109 M-1 s-1 for 

nitromethane55) with rate constants close to the diffusion limit.67 Therefore, a lower quenching rate 

constant observed when pyrene is bound to bile salt aggregates is a measure of the association rate 

constant of the quencher to the aggregate containing pyrene. Nitromethane has an easier access to 

pyrene in sodium cholate aggregates than the iodide anions,55 because the iodide anions are 

repelled by the negative charge of the bile salt aggregates. An increase in ionic strength was shown 
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to increase the accessibility of iodide anions to the primary aggregates of sodium cholate which 

was attributed to charge screening at the higher ionic strength.55 A similar behaviour is expected 

for NaDC. The quenching of the singlet excited state of pyrene in OTPh/NaDC hydrogels led to a 

decrease of the pyrene fluorescence intensity and occurred at lower concentrations of nitromethane 

than iodide anions (Figure 6), showing that in the gel nitromethane has a better access to pyrene 

bound to the NaDC aggregates than iodide anions. 

 
Figure 6. Fluorescence spectra (λex = 335 nm) of pyrene (10 µM) in the OTPh (0.006 mg mL-

1)/NaDC (90 mM) hydrogel with increasing CH3NO2 concentrations (0–6.4 mM). Inset: 

Fluorescence spectra (λex = 335 nm) of pyrene (10 µM) in the OTPh (0.006 mg mL-1)/NaDC (90 

mM) hydrogel with increasing NaI concentrations (0–91 mM).  

The presence of OTPh in the NaDC gel did not alter the quenching rate constant of singlet 

excited state pyrene by nitromethane. In solution and in the gel, the decrease in the fluorescence 

intensity of pyrene with increasing concentrations of nitromethane led to a linear dependence with 

the nitromethane concentration of the ratio of the emission intensities in the absence and presence 

of nitromethane (Figure S14 and S15). The Stern-Volmer constants (eq 2) were the same for pyrene 

in NaDC and OTPh/NaDC solutions and gels (Table S3), leading to a calculated quenching rate 

constant of ((3.4 ± 0.2) ×108 M-1 s-1) based on the lifetimes of excited pyrene measured in both 
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gels (380–381 ns). The quenching of excited pyrene was also measured using time-resolved 

experiments for the emission decay of pyrene in OTPh/NaDC gels (Figure 7) and in the 

OTPh/NaDC self-assembly in solution (Figure S16). The scattering of light at the start of the decay 

was excluded from the fit and the decays were fit to a sum of two exponentials (eq 1) where the 

short lifetime corresponds to the emissions from OTPh and NaDC impurities, while the long-lived 

species corresponds to the emission from excited pyrene (Fig. S11, see the SI for details on the 

fitting procedure). In the presence of nitromethane, the lifetime of excited pyrene is shortened and 

only one lifetime for pyrene was observed. In addition, the I/III ratio for the pyrene emission in 

the presence of nitromethane did not change. These observations suggest that pyrene is located in 

one type of environment in the NaDC aggregates in solution and in the gel. The quenching rate 

constants of (3.0 ± 0.1) ×108 M-1 s-1 (Table S3) was determined from the dependence of the 

observed decay rate constant with the nitromethane concentration (Figure S17, eq. 3). The ratio of 

24 ± 7 between the quenching rate constants in water and NaDC aggregates in aqueous solution is 

higher than for sodium cholate (9.2 ± 0.8),55 which is consistent with the formation of more 

hydrophobic and compact primary aggregates for NaDC containing two hydroxyl groups 

compared to sodium cholate, which has three hydroxyl groups. These results show that the 

incorporation of OTPh into the NaDC gel did not alter the structure of the primary NaDC 

aggregates to which pyrene binds. 

https://doi.org/10.26434/chemrxiv-2024-9gm62 ORCID: https://orcid.org/0000-0001-9996-0076 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-9gm62
https://orcid.org/0000-0001-9996-0076
https://creativecommons.org/licenses/by/4.0/


 29 

 
Figure 7. Time-resolved fluorescence decay of pyrene (10 µM) in an OTPh (0.006 mg mL-

1)/NaDC (90 mM) hydrogel in the absence (blue) and presence of 6.4 mM CH3NO2 (red). The fit 

to a sum of two exponentials is shown in black. The middle and lower panels show the residuals 

between the data and the fit in the absence and presence of CH3NO2. 

Pyrene excimer emission was observed with the addition of iodide anions, showing that this salt 

changed the structure of the NaDC aggregates leading to the binding of some pyrene molecules in 

close proximity. A decrease of the pyrene monomer emission intensity (350–430 nm) and a small 

increase in the pyrene excimer emission intensity above 450 nm were observed as the iodide 

concentration was raised (Figure S18). The ratio of the emission intensities at 470 and 380 nm, 

increased from 0.019 to 0.059 when the iodide anion concentration was raised to 91 mM. The 

addition of sodium chloride to the OTPh/NaDC/pyrene gel (Figure S19) also led to the observation 

of excimer emission, showing that the presence of the pyrene excimer emission was due to an ionic 

strength effect. The pyrene emission intensities were similar in the presence sodium iodide and 

sodium chloride. Therefore, the quenching of pyrene monomers by iodide anions could not be 
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determined from steady-state fluorescence studies and required time-resolved measurements, since 

the ionic strength effects could be dependent on the nature of the ions. 

The emission kinetics were measured at 400 and 470 nm, where respectively the excited 

monomer and excimer predominantly emit (Figure 8). The kinetics at both wavelengths were fit 

simultaneously using a global analysis method (Table S4). The decays were adequately fit to a 

sum of three exponentials. The emission kinetics have two lifetime components when a reversible 

complex is formed between an excited state and a ground state molecule in solution,68 such as for 

the formation of excimers and exciplexes. In this case, the two lifetimes correspond to the coupled 

kinetics for the formation and dissociation of the excimer and the decay of the excited monomer 

and excimer. For the monomer emission a decay of the emission with two lifetime components is 

observed, while for the excimer emission a growth followed by a decay is observed. The two 

shortest lifetimes observed for pyrene in the OTPh/NaDC gel correspond to the monomer-excimer 

dynamics when two pyrene molecules are in close proximity. The growth kinetics has a negative 

pre-exponential factor and the lifetime for this component decreased from 38 ns in the absence of 

iodide anions to 19 ns in the presence of 91 mM iodide anions. The second component for the 

monomer-excimer dynamics has a lifetime of 70–80 ns. The quantitative analysis of this kinetics 

is not possible because the local concentration of ground state pyrene is not known. However, the 

observation of a growth kinetics indicates that the formation of the excimer is a dynamic process, 

and this process became faster as the iodide anion concentration was raised.  

The observation of the long-lived pyrene emission in OTPh/NaDC gels (> 365 ns, Table S4) 

suggests that some pyrene molecules are in isolated environments where encounters with other 

pyrene molecules during the excited state lifetime of pyrene do not occur. The shortening of the 

lifetime of this long-lived pyrene emission was observed in the presence of 91 mM sodium iodide 
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(366 ± 8 ns) or sodium chloride (369 ± 2 ns), suggesting that this effect is solely due to changes in 

the NaDC aggregate structure and not due to quenching of excited pyrene by iodide anions. The 

significant decrease of the value of the pre-exponential factor measured at 400 nm for the long-

lived pyrene component from 0.95 in the absence of sodium iodide to 0.79 in the presence of 91 

mM of this salt indicates the formation of a larger number of sites where pyrene molecules are in 

close proximity when the ionic strength is increased. 

 

Figure 8. Fluorescence kinetics (λex = 335 nm) of the pyrene (10 µM) emission at 470 nm and at 

400 nm (inset) in the OTPh (0.006 mg mL-1)/NaDC (90 mM) hydrogel with increasing sodium 

iodide concentrations (0, 38 and 91 mM).  

The pyrene fluorescence and DLS studies provide evidence that the primary and secondary 

aggregates in NaDC gels are not disrupted with the addition of OTPh or P3HT. Previous work 

showed that NaDC gels contain NaDC in the immobile and aqueous phases of this hydrogel.69 

Therefore, pyrene is bound to aggregates in both phases. The presence of primary NaDC 

aggregates in the OTPh/NaDC gel is supported by the lack of change in the pyrene fluorescence 

parameters in the gel and the presence of 1.2–1.5 nm particles even when OTPh is added to NaDC 

aggregates in solution. The decrease of the fraction of primary aggregates with the addition of 
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OTPh to the NaDC solutions observed in the DLS studies suggests that the primary aggregates are 

involved in the solubilization of OTPh and P3HT forming a larger self-assembly. No large particles 

that are retaining in the filter during the sample preparation for DLS studies were formed when a 

sufficiently high concentration of NaDC was present suggesting that the solubilization of OTPh 

and P3HT does not lead to self-assemblies that are significantly larger than the NaDC secondary 

aggregates. The observation of the same quenching rate constants for excited pyrene by 

nitromethane in NaDC and OTPh/NaDC gels also supports the presence of primary aggregates in 

both gels. These results indicate that NaDC primary and secondary aggregates form self-

assemblies with OTPh or P3HT which are responsible for the solubilization of the oligomer and 

polymer. 

OTPh and P3HT are solubilized as monomers when stable NaDC gels are formed. The oligomer 

and polymer are insoluble in water leading to excimer emission. This emission was not observed 

when OTPh and P3HT were fully solubilized in NaDC gels. In addition, the OTPh emission 

spectrum did not change when the concentration of NaDC was raised above the minimum 

concentration required for solubilization. This result eliminates the possibility that OTPh 

aggregates are solubilized by NaDC aggregates followed by a dissociation of the OTPh aggregates 

into monomers at higher NaDC concentrations. Rheology experiments showed that the mechanical 

properties of the NaDC gel were not affected with the addition of OTPh or P3HT, indicating that 

the addition of these molecules did not lead to fundamental changes of the interactions between 

the NaDC molecules that form the gel. This result is consistent with the presence of primary and 

secondary aggregates of NaDC in the hydrogels containing the oligomer (Figure 9) and polymer. 

In addition, the solubilization of OTPh monomers is insensitive to changes in the structure of the 

NaDC gel. These changes were induced with the increase of the ionic strength where the observed 
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pyrene excimer emission is diagnostic of the changes. However, no excimer emission was 

observed for OTPh despite the lower emission intensities of the oligomer showing that the 

oligomer was present as a monomer (Figure S19). Therefore, the condition for solubilization of 

oligomers and polymers in NaDC gels is that primary and secondary NaDC aggregates are formed, 

and a sufficient concentration of these aggregates is present. 

 

Figure 9. Cartoon representation of the self-assembly of OTPh with primary and secondary NaDC 

aggregates. 

A higher concentration of NaDC was required to solubilize P3HT than for OTPh, showing that 

there is a correlation between the number of NaDC aggregates necessary for solubilization and the 

size of the molecule being solubilized. This effect is reflected in the change of the emission spectra 

of P3HT as the NaDC concentration was raised, which contrasts with the behaviour observed for 

OTPh. The blue shift of the P3HT emission spectra at lower concentrations of NaDC aggregates 

and the presence of remaining solids during the sample preparation process is indicative of the 
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solubilization of the shorter P3HT polymer chains. This differential solubilization of the polymer 

has the drawback that not all the material was solubilized at the NaDC concentrations used. 

However, one advantage of this differential solubilization is that NaDC could potentially be used 

to control the polydispersity of the solubilized material by changing the concentration of NaDC. 

This supramolecular approach would provide a complementary methodology to decrease the 

polydispersity of solubilized polymers compared to other methods, such as Soxhlet extractions. 

The photoprotection observed for OTPh and P3HT in the self-assembly with NaDC is relevant 

when developing materials that include conjugated polymers in an aqueous solution or in 

viscoelastic media, such as hydrogels. The photodegradation of conjugated polymers and 

oligomers results in the loss of fluorescence due to the reaction of these molecules with singlet 

oxygen that disrupts the π-conjugation of conjugated oligomers and polymers.70-72 Singlet oxygen 

is formed after the energy transfer from the tripled excited states of the polymers or oligomers to 

ground-state oxygen.73 The protection afforded by the NaDC aggregates compared to the reaction 

in chloroform is a combination of the lower oxygen concentration in water and the lower oxygen 

quenching rate constant when molecules are bound to bile salt aggregates compared to the 

quenching in water.56 The latter process is related to the incorporation of the oligomer or polymer 

in the self-assembly with NaDC. This self-assembly led to a better protection from 

photodegradation for OTPh than for P3HT, suggesting that some sites of the polymer are exposed 

to the aqueous phase. In addition, the protection from photodegradation was less efficient in the 

gel than in solution. This result suggests that for the gel the accessibility of oxygen to the excited 

states of OTPh and P3HT, or the lifetimes of these excited states are different from the excited 

state behavior of OTPh and P3HT in the NaDC aggregates in solution. One possibility is that the 

dynamics of the NaDC primary and secondary aggregates is slower when the self-assembly is 
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immobilized in the gel. Faster dynamics of the NaDC aggregates could increase the average 

coverage of OTPh and P3HT in solution which would decrease the overall accessibility of oxygen 

to the reactive sites of OTPh and P3HT. 

The increased water solubility of neutral and very insoluble conjugated oligomers and polymers 

as supramolecular self-assemblies in solution and in hydrogels aligned with the decrease in the 

photodegradation efficiency is desirable for applications, such as phototherapy, dosimetry and 

sensing. The formation of self-assemblies where conjugated oligomers and polymers are isolated 

as monomers is important to ensure that the emissive properties of the conjugated molecules is 

maintained since light emission is used as the “read-out” in many applications. The similar 

behavior observed for OTPh and P3HT self-assemblies with NaDC in solution and the gel suggests 

that supramolecular systems which have some molecular recognition elements but are adaptable, 

such as bile salts, 28, 29, 33 provide a platform to be used for a broad range of water insoluble and 

non-charged (neutral) polymers providing an additional method to design materials where the 

polymer is incompatible with use in aqueous environments. 

CONCLUSIONS 

The solubilization of water insoluble OTPh and P3HT in NaDC hydrogels shows that simple 

supramolecular systems can be used to maintain the properties of conjugated oligomers and 

polymers in hydrogels and can increase the photostability of these molecules. The solubilization 

mechanism where the oligomer and polymer form self-assemblies with NaDC aggregates that 

retain their structure suggests that this mechanism can operate for a wide range of polymers. The 

key to design viscoelastic materials incorporating functional polymers using a supramolecular 

approach is to identify gelating systems where the immobile phase is formed from assemblies that 

can adapt to the incorporation of molecules with different sizes but maintain the original structure 

https://doi.org/10.26434/chemrxiv-2024-9gm62 ORCID: https://orcid.org/0000-0001-9996-0076 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-9gm62
https://orcid.org/0000-0001-9996-0076
https://creativecommons.org/licenses/by/4.0/


 36 

of the gel. The added advantage of this approach is that the mechanical properties of the gels will 

be similar in the absence and presence of the functional polymer and the mechanical properties 

can be selected from the known properties of these gels in the absence of polymers. 
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