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Abstract 

 

Host-guest Sensing of Polymer by 

the Luminescence Enhancement of 

Silver Nanodots 

Eunhye Lee 

Department of Science Education 

(Major in Chemistry) 

The Graduate School 

Seoul National University 

 

 A clear demonstration of linear polymers showing the most suitable binding to 

guest counterparts is still unknown. Luminescent polyacrylic acid (PAA) 

stabilized silver nanodots (PAA-AgNDs) have been applied as turn-on sensors 

to monitor host-guest interactions between PAA chains and binding cations. 

The binding of carboxylates of PAA and group 2 cations can cross-link the PAA 

chain, which increases the rigidity of the PAA chain, slows the non-radiative 

decay of the PAA-AgNDs, and consequently improves the emission and 



ii 

 

induces a blue shift of silver nanodots. Meanwhile, a simple visualization 

method with acrylamide gel and a simple experiment with several types of water 

have shown that PAA-silver nanodots can be excellent probes for detecting 

host-guest interactions between polymer and group 2 cations. 

 

Keywords: luminescent silver cluster, polyacrylic acid, host-guest chemistry, 

group 2 ions, rigidity, spectral shift 

 

Student Number: 2021-22548 

  

 

 

 

 

 

 

 



iii 

 

Contents 

 

Ⅰ Introduction ...................................................................................... 1 

1.1 Host-guest chemistry ………………………………………… 1 

1.1.1 What is host-guest chemistry? …………………… 1 

1.1.2 Applications of host-guest chemistry …………… 3 

1.2 What is silver nanodots? ……………………………………. 5 

1.2.1 Silver nanodots ……………………………………… 5 

1.2.2 Applications of silver nanodots …………………... 6 

 1.3 Host-guest sensing of PAA-AgNDs with cations ………... 8 

Ⅱ Experimental section ..................................................................... 11 

2.1 Materials ………………………………………………………. 11 

2.2 Instruments …………………………………………………… 12 

2.3 Preparation and measurement of samples ……………… 12 

2.3.1. Synthesis of poly acrylic acid-stabilized AgNDs 

…………………………………………………………. 12 

2.3.2. Observation of emission enhancement of PAA-

AgNDs with various cation ………………………. 13 



iv 

 

2.3.3. Polyacrylamide gel formation …………………... 14 

Ⅲ Results and Discussion ................................................................. 15  

3.1 Photophysical properties of PAA-AgNDs with various 

cations and charged polymer ……………………………… 15 

3.1.1   Interaction of PAA-AgNDs with various cations 

…………………………………………………………. 17  

3.1.2 Interaction of PAA-AgNDs with group 2 cations 

…………………………………………………………. 19  

3.1.3 Interaction of PAA-AgNDs with charged polymer 

…………………………………………………………. 35 

3.2 Applications of emission enhancement of PAA-AgNDs 

with cations …………………………………………………… 37 

3.2.1 Applications with polyacrylamide gel ………….. 38 

3.2.2 Applications with different types of water …...... 41 

Ⅳ Conclusions …................................................................................ 44 

Ⅴ References ...................................................................................... 45 

Ⅵ 국문초록 .......................................................................................... 56 

Ⅶ Acknowledgement …………………………………………………………... 57



1 

 

Ⅰ. Introduction 

 

1.1 Host-guest chemistry 

 

1.1.1 What is host-guest chemistry? 

 

 Supramolecular chemistry focuses on the properties and intermolecular forces 

of supramolecules consisting of multiple molecules.1 The intermolecular forces 

noted in supramolecular chemistry are noncovalent interactions between 

molecules, rather than covalent bonds that are mainly concentrated in 

traditional chemistry.2 Examples of non-covalent interactions include hydrogen 

bonding, van der Waals forces, electrostatic attractions, and metal coordination 

bonds.3 Supramolecular systems can exhibit reactions by any stimulus 

because they exist in conjunction with each other by non-covalent interactions. 

Using these features, supramolecular chemistry has been explored in various 

fields, including molecular sensors, gas absorption, chemical catalysts, and 

drug delivery.4  
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Host-guest chemistry is a branch of supramolecular chemistry in which host 

molecules bind guest molecules or ions. Host-guest interactions describe 

complexes consisting of two molecules or ions that have unique structural 

properties or can make non-covalent bonds in supramolecular chemistry.5 The 

components of host-guest interactions are usually host molecules with 

structures capable of capturing other molecules and guest molecules smaller 

than host molecules and capable of binding to host.  

𝐇𝐨𝐬𝐭 + 𝐆𝐮𝐞𝐬𝐭 ⇌ 𝐇𝐨𝐬𝐭 − 𝐠𝐮𝐞𝐬𝐭 𝐜𝐨𝐦𝐩𝐥𝐞𝐱 

Various types of host molecules include cyclodextrins, urea, cyclo-

triphosphazines, crown ether, and so on.6, 7 These host molecules can 

recognize and bind to certain guest molecules, such as small molecules or ions, 

and in this way, the bonding between the host and the guest can be said to be 

selective.8 By this feature, host-guest interactions are also called molecular 

recognitions. Avidin, which shows a very high affinity for biotin, is one of the 

examples of host-guest interactions. It is also well known that the crown ether 

of the ring-shaped structure combines with several metal cations to form a host-

guest complex.9, 10  
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1.1.2 Applications of host-guest chemistry 

 

 Host-guest interactions play a particularly important role in molecular sensing 

using molecular recognition properties and self-assembly.11, 12 The meaning of 

the sensor using host-guest interactions can be interpreted as using a series of 

characteristics that are active or inactive during the formation of host-guest 

complex. A well-defined host-guest system can be applied as an ideal platform 

for studying and controlling specific interactions between biomolecules such as 

proteins. Beneficial applications of combinations of protein with host-guest 

chemistry include bio-nanotechnology fields such as biosensors.13 More 

specific biomedical applications include drug delivery, gene delivery, bio-

imaging, and photodynamic therapy.14 Especially, host-guest complexes 

between macrocyclic molecules and fluorescent dyes exhibit fluorescence in 

response to stimuli and can be used for bioimaging. It is used not only in 

biological applications, but also in approaches to information encryption using 

host-guest interactions.15 Consequently, applications using host-guest 

interactions are being studied in many research fields. Researchers are making 

efforts to design more complex and potentially applicable host molecules t  
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hat match the properties of a particular guest molecule.16, 17  

  



5 

 

1.2 What is silver nanodots? 

 

1.2.1 Silver nanodots 

 

 Many materials have new properties that we did not originally see when their 

particle size changes from bulk to nanoscale. Metal silver exhibits different 

luminescent properties between bulk silver, silver nanoparticle, and several 

silver atoms, which brilliantly demonstrate that particle size affects the 

properties of the materials.18 Silver nanodots (AgNDs) are few-atom clusters of 

reduced silver atoms that exhibit good luminescent photophysical properties 

including high quantum yields, good extinction coefficient, excellent 

photostability, short luminescent lifetime, and excellent two photon absorption 

cross section.19 Surface plasmon resonance (SPR) causes conduction 

electrons on the metal surface to oscillate when silver nanoparticles are 

irradiated by a specific light source. So, silver nanoparticles can absorb the light 

but cannot show emission. However, silver nanodots can show not only strong 

absorption of the light but also bright luminescence20, 21 

 Various scaffolds protecting silver nanodots have been studied due to 



6 

 

vulnerable properties of unprotected silver nanodots, such as the risk of 

oxidation by their surroundings and aggregation into larger nanoparticles.22, 23 

As a specific example, synthetic polymers such as poly acrylic acid, single-

stranded DNA, and peptides/proteins are widely used as protection group of 

silver nanodots19, 24, 25 Depending on the protection group of silver nanodots, 

the emission wavelength and emission intensity represented by silver nanodot 

vary.  

 

1.2.2 Applications of silver nanodots 

 

 The photophysical properties and photostability of silver nanodots can be 

varied by the interactions of the protection group with the surrounding 

environment. There are many studies that utilize silver nanodots as sensors 

using emission enhancement or quenching when protection group of silver 

nanodots interacts with surrounding materials.19, 26, 27 Silver nanodots are also 

used in luminescence molecular imaging fields such as cellular staining by 

taking advantage of the excellent photopysical properties and biocompatibility 

of silver nanodots.19, 24, 28 Not only the biological applications of silver nanodots, 
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the size of nanocage can be measured using silver nanodots by the Förster 

resonance energy transfer (FRET) between the FRET pair of silver nanodots.29  
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1.3 Host guest sensing of PAA-AgNDs with cations 

 

Unlike proteins, linear polymers act only as host molecules when they contain 

host-like binding groups in order to form a polymer super host-guest matrix.30 

Simple linear polymers may not function as good hosts because there were no 

reports on this topic. However, theoretically, there must be linear polymer chain 

selectivity towards its binding sites. Such changes in their affinity can 

significantly alter polymer/biomolecular conformation, resulting in changes in 

stability and functionality such as molecular recognition in biomineralization.31-

33 Regarding the interaction between cations and macromolecule, such as 

organic mineralization, we may have interesting questions about why calcium 

is the most abundant mineral in the human body.34 So, we need to understand 

how cations react specifically with linear polymers. Researches have been 

reported on the specific binding of various polymers to metals35, 36, but research 

reports on host-guest interactions, in which simple linear polymers become 

host molecules and selectively recognize specific guest molecules, are still 

unknown. Therefore, in this study, we can explore the host (polymer)-guest 

(cations) selectivity that leads to a complex between PAA and a specific metal 
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cation using linear polymer chain, a polyacrylic acid (PAA) with multi-carboxylic 

acid functional groups. 

Various analytical methods, such as nuclear magnetic resonance (NMR), 

calorimetry, UV-Vis spectrophotometry, potentiometric titrations and isothermal 

titration have been used to monitor the host-guest interactions.37-41 Although 

photoluminescent signals can be used to monitor the binding between polymer 

and cations, most studies have used the quenching of photoluminescence with 

the binding. This indicates the need for research on a photoluminescent sensor 

that monitors the interaction between polymer and cations using a turn-on 

strategy.42, 43 In particular, we could effectively observe the interaction between 

polymer and cations in this work using the photophysical properties of PAA-

stabilized silver nanodots, which are enhanced in the binding of certain group 

2 metal cations to PAA. 

 Luminescent silver nanodots are protected by protection groups such as 

peptide, single-stranded DNA, and polymer, showing a variety of excellent 

photophysical properties.19, 44 These photophysical properties such as emission 

intensity and emission wavelength can change as the protection group of silver 

nanodots interacts sensitively with surrounding environment.19, 24, 25, 27, 45 The 



10 

 

linear polyacrylic acid is a good protection group that can create stable silver 

nanodots, and it has the advantage of being inexpensive compared to peptide 

and single-stranded DNA, and it is not difficult to make.24, 44, 46-48 Thus, PAA-

stabilized silver nanodots can be utilized to detect the interaction between the 

PAA polymer chain and the binding cations. 
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Ⅱ. Experimental section 

 

2.1. Materials 

 

Poly acrylic acid (MW~1.8 kDa) (PAA), silver nitrate (99.9999%), 3-(2-amino 

ethyl amino) propyl dimethoxy methyl silane, anhydrous methanol, sodium 

hydroxide, sodium borohydride, calcium nitrate tetrahydrate, strontium nitrate, 

magnesium nitrate hexahydrate, magnesium sulfate heptahydrate, barium 

nitrate, aluminum sulfate hexadecahydrate, potassium chloride, copper sulfate 

pentahydrate, gold(Ⅲ) chloride trihydrate, potassium ferricyanide(Ⅲ), zinc 

nitrate hexahydrate, glycerol, poly(ethyleneimine) solution, N,N,N',N'-

tetramethylethylenediamine, poly acrylic acid sodium salt solution(MW~8kDa) 

and ammonium persulfate were purchased from Sigma-Aldrich and used as 

received. Deionized water (DIW) was obtained on a Millipore Direct-Q 3 

ultrapure water system with a resistivity of 18.2 M cm. Acrylamide (40%)/Bis 

solution 19:1 was purchased from Bio-rad. 
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2.2. Instruments 

 

Emission and excitation spectra were obtained on a PTI QuantaMasterTM 

40 fluorimeter. Absorption spectra were obtained on a Sinco S-4100. pH was 

adjusted on a Eutech, SG/PH510 pH meter. Lifetime data was obtained on an 

EasyLife™ X Filter Fluorescence Lifetime Fluorometer with a 470 nm LED 

pulse light source and a 545–580 nm bandpass emission filter. An Ilshin ®  

Freeze dryer was used for freeze-drying of samples. Fourier-transform infrared 

spectroscopy (FTIR) was obtained on Bruker VERTEX80v FTIR spectrometer. 

 

2.3. Preparation and measurement of samples 

 

2.3.1. Synthesis of poly acrylic acid-stabilized AgNDs 

 

Silver-silane stock solution (14 mM) was prepared by mixing silver nitrate (12 

mg) and 3-(2-aminoethylamino) propyldimethoxymethylsilane at an amino 

silane/Ag+ ratio of two in anhydrous methanol (5 mL) for 2 hrs. PAA stock 

solution (1.8 KDa, 10 μL of 8.1 mM pH 8) was added into DIW (968 μL), 



13 

 

followed by the addition of silver-silane solution (17 μL) with a final ratio of 1:2 

of silver and silane and 1:3 of polymer and silver. The mixture was then reduced 

with fresh sodium borohydride stock solution (4.60 μL, 52.87 mM) and stirred 

overnight in the dark. For preparing PAA-AgNDs with high molecules weight of 

PAA sodium salt solution, PAA stock solution (8 KDa, 3 μL of 8.1 mM pH 8) 

was added into DIW (975 μL), followed by the addition of silver-silane solution 

(17 μL). The mixture was then reduced with fresh sodium borohydride stock 

solution (4.60 μL, 52.87 mM) and stirred overnight in the dark. 

 

 

2.3.2. Observation of emission enhancement of PAA-

AgNDs with various cation 

 

PAA-AgNDs (500 μL) was mixed with each concentration of various cationic 

aqueous solution (500 μL) and the emission and absorption of the mixture were 

measured immediately. 
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2.3.3. Polyacrylamide gel formation 

 

Acrylamide (40%)/Bis solution 19:1 (2.5 mL) was mixed with 30.8 mL of DIW. 

Twenty microliters of TEMED (N,N,N',N'-tetramethylethylenediamine) was 

added into acrylamide/bis solution mixture and vortexed. Lastly, 100 μL of 10% 

ammonium persulfate was added into the mixture with constant vortexing. After 

adding ammonium persulfate, the mixture must be quickly poured into a petri 

dish within a few seconds to prevent gel formation in the conical tube. The gel 

was freeze-dried with a freeze-dryer, and then used in the experiment. 
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Ⅲ. Results and Discussion 

 

3.1. Photophysical properties of PAA-AgNDs with various 

cations and charged polymer 

 

 

 

 

 

 

Figure 1. A) Fully scanned emission spectra of PAA-AgNDs with varied 

excitation wavelengths in deionized water. B) Excitation (monitored at 645 nm, 

black) and emission spectra (excited at 530 nm, red) of PAA-AgNDs. PAA-

AgNDs concentration: 40 μM based on PAA. ‘Ex@xxx nm’ stands for emission 

spectrum excited at xxx nm. 

 

As shown in Figure 1A, the emission spectra of PAA-stabilized silver 

nanodots showed multiple peaks that could be attributed to various non-

B 
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specifically generated silver nanodots under polymer protection, as indicated 

by a full scan of emission spectra of various excitation wavelengths. However, 

the main species had a maximum emission wavelength of 645 nm with the peak 

of the excitation spectrum peaked at 530 nm (Figure 1B). The interaction 

between PAA-AgNDs and ions has not been fully investigated. To the best of 

our knowledge, the only report on the reaction of luminescent PAA-AgNDs to 

ions was the extinction of luminescence by chloride due to the formation of 

silver chloride.49, 50 For the first time, we observed significantly enhanced 

emissions of PAA-AgNDs in the presence of ions. Through this study, we found 

that PAA-AgNDs showed significant luminescence enhancements, especially 

by interacting with group 2 cations. Emission of PAA-AgNDs generally tended 

to rise in proportion as the concentration of cations added to PAA-AgNDs 

increased within a specific concentration range of cations. The reactions of 

various metal cations and PAA-AgNDs, the noticeable results of the group 2 

cations, and the applications of research results will be described sequentially. 
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3.1.1 Interaction of PAA-AgNDs with various cations  

 

 

 

 

 

 

  

  

 

 

Figure 2. The degree of emission enhancement when PAA-AgNDs and various 

cations are mixed. Luminescence was measured immediately after mixing 

PAA-AgNDs and cations. The total concentration of the cation is A)0.25 mM, 

B)2.5 mM, C)25 mM and D)250 mM. As the concentration of cations increases, 

there is no increase in emission in cations other than group 2 elements. The 

increase in emission of group 2 elements was in the order of calcium, strontium, 

barium, and magnesium in all concentration areas except 250 mM. D) Due to 

the solubility problem at high concentrations, several cations were excluded 

A B 

C D 
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from the results. 

 

Figure 2 shows how luminescence enhancement appears when various metal 

cations are added to PAA-AgNDs. It can be seen that the emission 

improvement of PAA-AgNDs increases or remains at a certain level as the 

concentration of the group 2 cation increases. On the other hand, cations other 

than the group 2 cation did not clearly show emission improvement as the 

concentration of cation increased. In particular, zinc and cadmium ions 

interacted with PAA-AgNDs at low concentrations of about 0.25 mM to improve 

emission, but unlike group 2 cations, they did not show a consistent emission 

improvement as the concentration of cations increased. 

 

 

 

 

 

Figure 3. Comparison of emission enhancement of PAA-AgNDs with 

calcium(black) and cadmium(red) cation.  
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 Figure 3 shows how calcium ions and cadmium ions react differently from 

PAA-AgNDs at concentrations near 0.25 mM. At low concentrations, emission 

improvement of both types of ions steadily increases, but in the case of 

cadmium ions, it can be seen that the emission of PAA-AgNDs was decreased 

rapidly near the concentration of 0.3 mM. Another notable difference is that the 

degree of emission enhancement is higher in calcium. From these results, we 

can clearly see that the group 2 cations interact uniquely with PAA-AgNDs. 

Therefore, it is necessary to examine in more detail how it reacts with PAA-

AgNDs depending on the type of group 2 cations. 

 

3.1.2 Interaction of PAA-AgNDs with group 2 cations 

 

 

 

 

 

Figure 4. Spectral shift of PAA-AgNDs in the presence of calcium ions. A) Fully 

scanned emission spectra of PAA-AgNDs in the presence of 1.7 mM calcium 

B A 
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ions. B) Absorption spectra of PAA-AgNDs in the absence (black) or presence 

(cyan) of 1.7 mM calcium ions.  

 

 When calcium ions (1.7 mM) were added into the above PAA-AgND solution, 

its maximum emission intensity increased almost three-fold with an obvious 

blue shift of the emission peak from 645 nm (Figure 1A) to 602 nm (Figure 

4A). This blue shift was also reflected in its absorption spectrum (Figure 4B 

cyan line). 

 A detailed study of calcium ion dependence is shown in Figure 5. Calcium ion 

dependence is shown by plotting the ion concentration to the ratio of PAA-

AgNDs emission intensity at a given Ca2+ concentration to control. At a fixed 

excitation wavelength of 530 nm, the emission intensity of PAA-AgNDs 

increased linearly as the calcium ion concentration increased before it leveled 

off above 0.15 mM of [Ca2+] (Figure 5A and 5B). As shown in Figure 1, the 

maximum emission intensity of the PAA-AgNDs itself appears at an emission 

wavelength of about 645 nm when the excitation wavelength is 530 nm. When 

calcium ions of about 0.2 mM or more reacted with PAA-AgNDs, the excitation 

wavelength with this maximum emission intensity changed, and the emission 
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wavelength also shifted further to blue. At high calcium concentrations, the 

emission wavelength of PAA-AgNDs was blue shifted to 610 nm (Figure 5D). 

There was a significant change in the spectrum in Figure 5C, which obtained 

emission spectra at two different excitation wavelengths (530 nm and 500 nm). 

This emission enhancement of PAA-AgNDs by calcium ions exceeded 

general expectations that silver and cations may compete for PAA when 

general cations are added to PAA-AgNDs. PAA is believed to bind silver 

species much weaker than other silver stabilizing groups such as DNA bases.24 

As a result, any cations may compete with silver species at the binding site of 

PAA chains to destabilize silver nanodots with quenching of silver nanodots. 

However, calcium ions did not replace silver species in the PAA chain, probably 

because silver species exhibit stronger binding affinity to PAA chains than 

calcium ions. Surprisingly, emission enhancements of PAA-AgNDs indicated 

that calcium ions interact with PAA chains. 
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Figure 5. Emission enhancement and spectral blue shift of PAA-AgNDs 

depended on the concentration of calcium. A) Emission intensity of PAA-

AgNDs with calcium (0-0.50 mM) excited at 530 nm. B) Emission enhancement 

of PAA-AgNDs depended on the concentration of calcium. C) Maximum value 

of emission intensity of PAA-AgNDs with calcium (0-0.50 mM). Excitation 

wavelength is 530 nm from control to 0.25 mM of calcium and 500 nm from 

0.30 mM to 0.50 mM of calcium. D) Emission wavelength of PAA-AgNDs 

depended on the concentration of calcium. The result of the value measured 

by fixing the excitation wavelength to 530 nm (■) and the highest value among 
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the total emission (●). The error bar indicates the standard error. 

 

 Among the mechanisms for enhancement of emission intensity, restricting the 

non-radiative decay of excited states of molecules may be most likely in our 

research.51-54 This means that PAA-AgNDs will be sensitive to environmental 

viscosity and temperature. Moving PAA-AgNDs to an aqueous glycerol solution 

(80% (v/v)) caused to be increased their emission intensity two times with its 

maximum emission peak also shifted to 628 nm (Figure 6A). Temperature 

showed a stronger effect on the PAA-AgNDs spectrum. As shown in Figure 6B, 

the temperature of the PAA-AgNDs solution was adjusted from 50 °C to -80 °C, 

and the emission strength increased by six times. The maximum emission peak 

was also shifted to 658 nm at 50 °C and 615 nm at 80 °C. Both low temperature 

and high viscosity slowed the vibrational deactivation of excited PAA-AgNDs 

and increased emission intensity.55 Furthermore, when the temperature is low 

and the viscosity is high, the solvation speed of the silver nanodots is also 

slowed, thereby increasing the contribution from the high energy vibration 

energy level to the steady-state spectrum, resulting in a blue shift of the steady-

state spectrum at low temperatures.56, 57 
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Figure 6. Influence of viscosity and temperature on the spectrum of PAA-

AgNDs. Emission intensity (■) and maximum emission peak (▲) shift along with 

the concentration of glycerol (v/v) (A) and temperature (B). Data points were 

connected with B-spline to show a clear trend of the curve. 

 We confirmed the binding of calcium ions to PAA chains through Fourier-

transform infrared spectroscopy (FTIR) studies. A typical asymmetric stretching 

band of a carbonyl group in polyacrylic acid is 1717 cm−1, but when the 

polyacrylic acid is deprotonated, the movement of the carbonyl band to low 

energy is observed where the bond strength of the carbonyl group is weakened 

by the formation of conjugated −COO−.58, 59 Since the pH of PAA-AgNDs was 

about 8, the infrared spectrum of PAA-AgNDs showed a peak similar to that of 

deprotonated PAA, where carboxylate should be major species with 

asymmetric vibration bands of 1570 cm−1 and symmetrical vibration bands of 
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1337 cm−1 (Figure 7A). According to a report that calcium ions cause infrared 

spectral shift of carboxylic acid when calcium ions (1.7 mM) are added, the 

vibration bands moved to low energy to 1562 cm−1 and 1321 cm−1 respectively 

(Figure 7B).60 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Infrared spectra of PAA-AgNDs in the presence of calcium ions. 

Lyophilized PAA-AgNDs in the absence (A) and presence (B) of 1.7 mM 

calcium ions were examined on a Bruker FTIR spectrometer. 
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The calcium ions can cross-link the PAA chains by coordination with 

carboxylic acids, and increase rigidity of polymer chains, slow the non-

radioactive decay, and consequently increase emission intensity of silver 

nanodots (Scheme 1). 

 

 

 

 

 

 

Scheme 1. Schematic cartoon showing the binding of calcium ions to a PAA 

polymer chain. Cross-links between carboxylic acids by the calcium ion (pink) 

increase the rigidity of the polymer chain, and consequently enhances the 

photoluminescence of silver nanodots (yellow) and induce the blue shift of its 

emission spectrum. The sizes of silver and calcium were purposely enlarged. 

Note that the real structure of the polymer-silver-calcium complex is still 

unknown. The picture was drawn by Chem3D after minimizing its energy by the 

MM2 force field method. 
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Figure 8. Influence of various cations on the emission of PAA-AgNDs. 

Normalized emission enhancement of PAA-AgNDs by magnesium (black), 

calcium (red), strontium (green), and barium (blue). Data are presented as 

mean values+/−SD. N=6 independent technical replicate experiments were 

done. Each curve was subtracted by 1, and then fitted with modified Equation 

9 (𝑹𝐨𝐛𝐬 − 𝟏). The fitting line was shown in the same color as the curve. 

 

A simple model has been developed to evaluate the binding affinity of the 

polymer for cations from a previous report.61 In this model, we assumed that 

the emission intensity and peak wavelength was a composite average of 

multiple silver species. Given that the PAA chain has multiple guest binding 

sites (n), and it is not likely to purify each complex with discrete binding number 
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of guest ions, an overall equilibrium constant (K) was proposed for the PAA-

based host-guest systems as in Eq. 1 

[𝐏𝐀𝐀] + 𝒏[𝐆𝐮𝐞𝐬𝐭]
𝑲
↔ [𝐏𝐀𝐀 − 𝐧(𝐆𝐮𝐞𝐬𝐭)]  (𝟏) 

in which each binding site has similar affinity for the guest with minimum 

interference between each binding site. The binding constant (K) of the above 

interactions can be described by Eq. 2 

𝑲 =  
[𝐏𝐀𝐀 − 𝐧(𝐆𝐮𝐞𝐬𝐭)]

[𝐏𝐀𝐀]𝐟[𝐆𝐮𝐞𝐬𝐭]𝐟
   (𝟐) 

where [PAA]f, [Guest]f, and [PAA − n(Guest)] are the molar concentrations of 

free-state binding sites on PAA, free-state guest, and PAA−guest complex, 

respectively. In this host-guest system, the material balance of reactants 

follows the relationship in Eq. 3: 

[𝐆𝐮𝐞𝐬𝐭]𝐨 = [𝐆𝐮𝐞𝐬𝐭]𝐛 + [𝐆𝐮𝐞𝐬𝐭]𝐟 

𝒏[𝐏𝐀𝐀]𝐨 = [𝐁𝐢𝐧𝐝𝐢𝐧𝐠 𝐬𝐢𝐭𝐞]𝐟 + [𝐆𝐮𝐞𝐬𝐭]𝐛     (𝟑) 

where [PAA]o , [Guest]o  and [Guest]b  are the initial concentrations of PAA 

and guest, and the concentration of bound-state guest, respectively. 

[Binding site]f is the concentration of free binding site in each PAA. Thus the 

molar fraction of bound-state PAA (Pb) can be defined by Eq. 4: 
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𝑷𝐛 =
[𝐆𝐮𝐞𝐬𝐭]𝐛

𝒏[𝐏𝐀𝐀]𝐨
    (𝟒) 

Therefore, K can be described by Eq. 5: 

𝑲 =  
𝒏𝑷𝐛[𝐏𝐀𝐀]𝐨

([𝐆𝐮𝐞𝐬𝐭]𝐨 − 𝒏𝑷𝐛[𝐏𝐀𝐀]𝐨)(𝟏 − 𝑷𝐛)𝐧[𝐏𝐀𝐀]𝐨
   (𝟓) 

Note that the observed emission enhancement is a combined emission 

intensity from the free PAA-AgNDs and bound PAA-AgNDs. The enhancement 

ratio (emission intensity of PAA-AgNDs at a given guest concentration to the 

control (free of guest)) can be defined by Eq. 6: 

𝑹𝒃 =
𝐈𝐛

𝐈𝐨
    (𝟔) 

where Ib and Io are the emission intensities of PAA-AgNDs in the presence and 

absence of guest ions, respectively. Thus, the observed enhancement ratio 

(𝑅obs) can be described by Eq. 7:   

𝑹𝐨𝐛𝐬 =  𝑷𝐛𝐑𝐛 + 𝑷𝐟𝐑𝐟 = 𝑷𝐛𝐑𝐛 + (𝟏 − 𝑷𝐛)𝐑𝐟    (𝟕)    

where 𝑃b and 𝑃f are molar fractions of bound- and free-state, respectively; 

𝑅b and 𝑅f are the emission intensity enhancement ratios of the bound- and 

free-state, respectively. Note that Rb is the maximum enhance ratio Rmax, and 

Rf is actually 1. Therefore, the above equation becomes the following: 
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𝑹𝐨𝐛𝐬 =  𝑷𝐛(𝑹𝐦𝐚𝐱 − 𝟏) + 𝟏    (𝟖) 

Pb can be obtained from Eq. 5, and Eq. 8 can be transformed to Eq. 9 to 

show the relationship between the emission intensity enhancement ratio Robs 

of PAA-AgNDs and binding parameters of the interaction: 

𝑹𝐨𝐛𝐬 =
(𝑹𝐦𝐚𝐱 − 𝟏)

𝟐
{(𝟏 +

𝟏

𝐧𝐊[𝐏𝐀𝐀]𝐨
+

[𝐆𝐮𝐞𝐬𝐭]𝐨

𝐧[𝐏𝐀𝐀]𝐨
)

− [(𝟏 +
𝟏

𝐧𝐊[𝐏𝐀𝐀]𝐨
+

[𝐆𝐮𝐞𝐬𝐭]𝐨

𝐧[𝐏𝐀𝐀]𝐨
)

𝟐

−
𝟒[𝐆𝐮𝐞𝐬𝐭]𝐨

𝐧[𝐏𝐀𝐀]𝐨
]

𝟏/𝟐

} + 𝟏  (𝟗) 

In the equation, we kept the PAA concentration and the guest cations, such 

as calcium or strontium ions, as independent variables. With different cations, 

ratios of the emission intensity of PAA-AgNDs at a given cation concentration 

to the control were plotted versus cation concentration. The curves were then 

fitted with Eq. 9, and the results were shown on Table 1. This shows that the 

calcium ions exhibited the strongest binding affinity for the polymer chain with 

an equilibrium constant of 780, followed by strontium (400) and barium ions 

(380), and magnesium ions showed the weakest binding affinity (60, Figure 8). 

The best match of calcium ions in Group 2 to the PAA chain is reminiscent of 

the characteristics of host-guest chemistry. The polymer chain may be cross-

linked to form inter-segment bridges, and consequently raise the rigidity of the 
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polymer chain. In this, the size of cations in the PAA-AgNDs might be a key 

player. Theoretically, the highest electronegativity of magnesium (1.31) should 

bring multiple carboxylate groups towards itself to form strong coordinate bonds, 

and thus induce the highest rigidity. In contrast, the calcium with an 

electronegativity of 1.00 caused the strongest cross-linking of the polymer 

chain, which suggests that a larger size of calcium ion (Ca2+, 114 pm) could 

better fit the gap between two segments of the polymer chain. Strontium 

presents a similar electronegativity (0.95) as calcium but a larger size (Sr2+, 132 

pm), but its binding capability was weaker than calcium ions, likely because it 

is too large to fit the gap, resulting in loose contact between chelating groups 

and cations. We also compared Cd2+ with Ca2+ in which both show similar sizes, 

but Cd2+ exhibits a larger electronegativity (1.69). The results showed that Cd2+ 

quenched the emission of silver nanodots much more seriously as the 

concentration of Cd2+ was increased, suggesting that Cd2+ replaced silver ions 

from the PAA chain. (Figure 2, 3) 

From our model, we also found that about four to six cations were bound to 

the polymer chain of PAA-AgNDs. The polymer shows lower affinity for calcium 

compared to calcium-selective proteins (calmodulin), in which cation-binding 
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amino acid residues such as aspartate, glutamate, and asparagine are finely 

tuned to form the calcium binding domains, resulting in a binding constant for 

Ca2+ of up to 7.0 × 105.33, 62 Even though the simple polymer lacks the selectivity 

toward a specific ion, our study shows that it binds to cations with moderate 

selectivity. This is important in terms of salt influence on the polymer/protein 

properties. For example, complexation between calcium ions and carboxylates 

on a polymer chain suppresses hydrogen-bonding among the moieties in the 

polymer, and subsequently influences the hydrogen-bonding network and the 

mechanical properties of the polymer.63 Our research may also hint why 

calcium is naturally selected as the richest components in the 

biomineralization.64 

 
Electronegativity 

Pauling scale 

Ion radius 

(pm) 

Binding 

sites 

Equilibrium 

constant 

Mg2+ 1.31 86 5.6 ± 0.6 60 ± 15 

Ca2+ 1.00 114 3.7 ± 0.2 780 ± 60 

Sr2+ 0.95 132 6.0 ± 0.1 400 ± 40 

Ba2+ 0.89 149 6.2 ± 0.3 380 ± 70 

Table 1. Binding parameters of cations to the PAA polymer. 
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The luminescent lifetime measurement of PAA-AgNDs (Figure 9) also 

showed the formation of a rigid polymer complex between calcium cations and 

PAA. With the addition of calcium ions, the lifetime of PAA-AgNDs increased 

from 0.2 ns to 1.3 ns, increasing in line with the trend of life in a more rigid 

environment. 

 

 

 

 

 

 

Figure 9. Luminescence lifetime of PAA-AgNDs with increasing calcium cation 

concentration. 

 

The PAA-AgNDs we used in this study used PAA with an average molecular 

weight of 1.8 kDa. However, PAA-AgNDs could be successfully made with a 

larger average molecular weight of PAA (8 kDa), and a detailed protocol was 

described in experimental section 2.3.1. A series of experiments were 
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conducted equally to find out how PAA-AgNDs with large molecular weight PAA 

interact with calcium ions. Through the results of Figure 10, it was possible to 

observe the same emission enhancement and blue shift of PAA-AgNDs when 

calcium ions were added regardless of the molecular weight of PAA. 

 

 

 

 

 

 

Figure 10. Emission enhancement and spectral blue shift of PAA-AgNDs with 

high molecular weight PAA also depended on the concentration of calcium. A) 

Emission enhancement of PAA-AgNDs (with high Mw PAA) depended on the 

concentration of calcium. B) Emission wavelength of PAA-AgNDs (with high 

Mw PAA) depended on the concentration of calcium. The result of the value 

measured by fixing the excitation wavelength to 530 nm (■) and the highest 

value among the total emission (●). The error bar indicates the standard error. 

 

A B 
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3.1.3 Interaction of PAA-AgNDs with charged polymer 

  In addition to cation, positively charged polymers such as polyethylenimine 

(PEI) are firmly bonded to the PAA through electrostatic interaction. At low 

concentrations, the bonds between PAA and PEI increased the rigidity of PAA 

polymer chains and emission intensity of silver nanodots was increased. But 

as PEI concentrations continued to increase, emission quenching started as 

the bond weakened the stability of the silver nanodot. 

 

 

 

 

 

 

Figure 11. Emission enhancement(A) and emission wavelength(B) of PAA-

AgNDs with polyethyleneimine(PEI). PEI is one of positive charged polymer. 

The error bar indicates the standard error. 

 

 Looking at Figure 11A, the degree of improvement in luminescence increases 

A B 
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until the concentration of PEI is about 15 mM, and then decreases. On the other 

hand, as shown in Figure 11B, the emission wavelength continued to be 

shortened regardless of the concentration. Looking at the results of the 

experiment, it can be interpreted that when PEI with positive charge is added 

to the negatively charged PAA, the rigidity of PAA-AgNDs becomes stronger 

due to electrostatic reaction, and luminescence is improved to some extent, 

and emission wavelength is shortened. Compared to metal cations, PEI is a 

polymer, so there is a difference in molecular weight, so it can be interpreted 

that the addition of polymers above a certain concentration had a negative 

effect on the emission of PAA-AgNDs. The tendency to decrease emission 

wavelength is very similar to the result of the addition of metal cations. 
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3.2 Applications of emission enhancement of PAA-

AgNDs with cations   

 

Based on the previous experimental results, it was confirmed that PAA-AgNDs 

reacts with group 2 metal cations to improve luminescence and cause emission 

wavelength to be blue-shifted. It is expected that this specific phenomenon can 

be applied to the field of distinguishing group 2 cations. Polyacrylamide gel 

experiments, in which luminescence improvement can be seen, were 

conducted to confirm the difference between group 2 cations and other metal 

cations using PAA-AgNDs. Furthermore, various types of water were reacted 

with PAA-AgNDs to confirm the emission enhancement and spectral shift of 

group 2 cations contained in the water. 
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3.2.1 Applications with polyacrylamide gel   

 

 

 

 

 

 

Figure 12. Luminescence observed under UV lamp (365 nm). A) Control by 

dropping 1 μL of highly concentrated PAA-AgNDs into an Acrylamide gel. B) 

Luminescence observed immediately after dropping 1 μL of each concentration 

of cationic aqueous solution into the control(A). At 50 and 100 mM, calcium and 

strontium were observed to have a marked emission increase, and zinc and 

copper were quenched. 

 

After mixing concentrated PAA-AgNDs with metal cations in a 1:1 ratio, the 

results observed under UV lamp (365 nm) showed that group 2 cations such 

as calcium and magnesium brightened the emission of silver nanodots on 

polyacrylamide gel. Emission remains at low concentrations of zinc and copper, 

A B 



39 

 

but emission could no longer be seen at high concentrations. This result is 

consistent with the experimental results of mixing PAA-AgNDs with metal 

cations in the results of 3.1.1. 

 

Figure 13. Emission intensity (■) and emission peaks (▲) of the PAA-AgNDs 

in polyacrylamide gel. The spectra of gel with calcium ions were measured on 

a fluorometer. Data points were connected with B-spline to show a clear trend 

of the curve.  

 

 The reaction between PAA-AgNDs and calcium cations in acrylamide gel was 

confirmed to be the same as the reaction results on solution. As shown in the 

results of 3.1.2, the higher the concentration of calcium cations to be added, 

the greater the luminescence and the shorter the emission wavelength. 
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Figure 14. Luminescence observed under UV lamp (A-D : 254 nm, E-F : 365 

nm). A, E) Control by dropping 100 μL of highly concentrated PAA-AgNDs into 

an acrylamide gel. B, F) Luminescence observed immediately after dropping 

50 mM calcium cationic aqueous solution on the top of control(A). C, G) 

Observed 7days later. D, H) Observed 28 days later. Scale bar: 1 cm 

 

 The patterned acrylamide gel was filled with concentrated PAA-AgNDs, and 

an aqueous calcium cation solution was applied only to the upper pattern using 

a brush. Emission was clearly improved only on the side where calcium cation 

was applied under UV lamp. Through C, D, G, and H of Figure 14, it can be 

seen that the emission of calcium cations lasts longer than that of PAA-AgNDs 

A B C D 

E F G H 
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alone. 

 

3.2.2 Applications with different types of water 

 

 In general, tap water contains various cations and anions.65 Types of cations 

include calcium, magnesium, sodium, and potassium, and types of anions 

include chloride and carbonate. Among them, calcium and magnesium are 

indicators used to indicate water hardness. Hardness of water is largely divided 

into two categories: soft water and hard water. The WHO defines calcium and 

magnesium dissolved in a liter of water as light water if they are more than 120 

mg, and soft water if they are less than that. The hard water is also called 

mineral water. Depending on the region, the amount of cation and anion 

contained in tap water varies. Usually, soft water contains about 0 - 60 mg/L of 

calcium cation, and hardwater contains 120 -180 mg/L or more. In particular, 

according to the tap water quality test information provided by the Seoul 

Metropolitan Government Waterworks Headquarters, the average water 

hardness of Seoul Metropolitan Government tap water is about 69 mg/L and 

the average chloride ion content is about 27.8 mg/L as of April 2023.  
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Water purifiers that people usually use in their daily lives filter tap water 

through filters to remove various ions and bad substances when drinking. 

Mineral water sold on the market also varies from low hardness to mineral water 

containing many minerals. 

 Calcium and magnesium cations used to represent the hardness of water 

react with PAA-AgNDs as a group 2 elements to improve luminescence and 

induce changes in emission wavelength. To confirm this, distilled water, tap 

water, purification water, and mineral water (Evian) were reacted with PAA-

AgNDs respectively to check the results. 

 

.  

 

 

 

Figure 15. The degree of emission enhancement(A) and change of emission 

wavelength(B) when PAA-AgNDs and different types of water are mixed. 

Luminescence was measured immediately after mixing PAA-AgNDs and each 

water type.  

A B 
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 As shown in Figure 15A, the emission of PAA-AgNDs was improved in other 

types of water containing calcium and magnesium ions compared to distilled 

water. Comparing the results of tap water and purification water, as predicted, 

the hardness of tap water is stronger, so the improvement of emission is also 

greater. The experiment used Evian mineral water, which belongs to the high 

hardness side of mineral water to drink. In Figure 15B, it can be seen that the 

emission wavelength was blue-shifted when PAA-AgNDs reacted with various 

types of water. As in the previous comparison, it was confirmed that the 

emission wavelength shift in tap water was larger than that of purification water. 

As such, PAA-AgNDs can be applied to easily check the hardness of water 

around us or unknown drinks using mineral physical properties that change 

when reacting with various types of water. 
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Ⅳ. Conclusions 

 

 It has been found in this study that the linear polymer chain acts as an open 

host, showing adequate selectivity for bonding with cations using luminescent 

silver nanodots. In particular, the combination of the group 2 cations and the 

polyacrylic acid chain induced emission enhancement and blue shift of the 

polyacrylic acid stabilized silver nanodots. Given that PAA silver nanodots 

showed the same results when they were in a viscous and low temperature 

environment, it can be considered that the binding of the PAA chain to the group 

2 cations increased the rigidity of the PAA chain. In conclusion, the combination 

of the carboxylates of PAA and group 2 cations retards the non-radiative decay 

of PAA-silver nanodots, resulting in higher emission intensity and induced blue 

shift of silver nanodots. Furthermore, a simple visualization method with 

acrylamide gel and a simple experiment with several types of water have shown 

that PAA-silver nanodots can be excellent probes for detecting host-guest 

interactions between polymer and group 2 cations. 
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Ⅵ. 국문 초록 

 게스트 상대에 대한 가장 적합한 결합을 보여주는 선형 고분자의 명확한 

입증은 아직 알려지지 않았다. 폴리아크릴산(PAA, poly acrylic acid)으로 

안정화된 발광하는 은 나노닷(이하 PAA-AgNDs으로 기재)은 PAA 

사슬과 결합 양이온 사이의 호스트-게스트 상호 작용을 모니터링하기 

위해 턴온 센서(turn-on sensor)로 적용되었다. PAA의 카르복실레이트와 

2족 양이온의 결합은 PAA 사슬의 강직성을 증가시키고, PAA-AgNDs의 

비방사선 붕괴를 지연시키며, 결과적으로 은 나노닷의 발광 효율을 

향상시키고 스펙트럼의 청색 이동을 유도하였다. 더불어, 아크릴아마이드 

젤(acrylamide gel)을 사용한 간단한 시각화 방법과 여러 유형의 물을 

사용한 간단한 실험은 PAA-AgNDs이 고분자와 2족 양이온 사이의 

호스트-게스트 상호 작용을 탐지하는 데 탁월한 프로브가 될 수 있음을 

보여주었다. 

 

주요어: 은 나노닷, 폴리아크릴산, 호스트-게스트 화학, 2족 양이온  
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