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Abstract 

 The work presented in this thesis discusses the synthesis of a novel photochromic 

molecule which is induced by a bipyridine-sulfur dioxide (SO2) charge transfer mechanism. 

SO2 is produced in large quantities by many industrial processes, and great effort is spent 

to reduce its emission.  SO2 is an underutilized feedstock for chemical reactions and 

functional materials alike, so great interest is applied to new uses of this byproduct. 

Photochromic bipyridines typically appear N, N’-disubstituted-4,4’-bipyridines, 

known as viologens. Following exposure to UV light, viologens undergo a one electron 

reduction to a blue colored radicle cation. This radicle cation is easily detectable by EPR 

spectroscopy. The photochromic bipyridine presented in this work undergoes a color 

change from light yellow to magenta upon irradiation, resulting in a new absorption peak 

at 550 nm. The EPR spectroscopy of the irradiated colored product does not detect any 

radicles, which suggests a new mechanism different from viologens. 

The present bipyridine containing system exhibits photochromic response for small 

molecule solids, small molecule solutions, and polymeric systems. Each of these 

environments exhibit tunable color change. Small molecule solutions and polymeric 

systems exhibit t-type photochromic behavior. DFT calculations were performed on the 

photochromic small molecule complexed with SO2. The results of these calculations 

indicate that photochromism is attributed to a UV-induced bipyridine-SO2 bond 

strengthening. The decrease of N-S bond length lowers the energy of the of the charge 

transfer band into the visible range. This represents a new class of photo-responsivity 

which can be applied to various applications common to photo switching materials. The 
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concluding remarks suggest future directions of mechanistic studies as well as 

implementation of the photoproduct in film fabrication, and as a light induced mechano-

responsive material. 
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Chapter 1. Introduction 

1.1 Photochemistry 

Before the advent of modern spectroscopic techniques, chemists relied on color 

change to signify chemical change. Predictably, color change inspired the first report of a 

photochemical reaction. In 1834, Trommsdorff described a white crystal color changing to 

yellow upon exposure to sunlight, continued exposure caused the crystal to explode.1 This 

shocking result interested chemists for generations, yet took over 170 years for the 

mechanism of this reaction to be entirely understood.2 The difficulty to determine its 

mechanism stems from the unpredictability of the core component of a photochemical 

reaction: the excited state electron. A ground state electron resting in a bonding or 

nonbonding orbital is promoted to an excited state antibonding orbital following the 

exposure of a high energy wavelength of light. This wavelength of light falls within the 

range of ultraviolet or visible light for most organic compounds. All molecules experience 

these electronic transitions, yet not all transitions can result in significant molecular 

transformations. In select systems, an excited state electron can overcome an energy barrier 

that is too steep (or does not exist) in the ground state, to afford a product that is thermally 

forbidden. When these systems arise, it is important to study their mechanism for possible 

use in functional materials. Photoresponsive molecules are essential building blocks in 

functional materials for data storage, optoelectronic devices, controlled assembly and 

release, catalysis, sensing, and actuating.3–8 Modern photochemistry has determined four 

major photochemically allowed pathways induced by excited state electrons: 

isomerization, bond cleavage, bond formation, and molecular rearrangements.4 

Photochromic molecules utilizing these pathways are of great interest as of recent. 
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Photochromic molecules, following absorption of high energy ultraviolet light, 

form a photoproduct that changes its absorbance into the visible range.5 When a molecule 

absorbs light in the visible range our eyes perceive it as colored. The color of the product 

appears as the wavelength of visible light complementary to the absorbed light.9 The 

colored photoproduct is reversible back to the original isomer through exposure to a 

different wavelength of light, or thermal treatment. Photochromic molecules which are 

reversible by light exposure are known as ‘p-type’ while those reversible by thermal 

treatment are known at ‘t-type’. Derivatives of azobenzene10, spiropyran11, diarylethane12, 

and viologens13 are four of the most widely used photochromic molecules. Azobenzene, 

upon ultraviolet irradiation, undergoes an isomerization of a N=N bond from a planar trans 

isomer to a bent cis isomer. UV irradiation of spiropyran initiates an electrocyclic ring 

opening reaction which increases conjugation allowing for absorption in the visible range. 

Conversely, diarylethanes undergo a UV induced ring closing mechanism. Finally, N,N’-

di-quaternized bipyridyl salts, also known as viologens, exhibit reversible photochromism 

under ultraviolet light through redox reactions. One electron reduction of a bipyridinium 

to the colored radicle cation can occur electrochemically or by UV irradiation. In this study, 

we report a new photochemical pathway that involves dynamic interactions between 2,2’-

bipyridine derivatives and sulfur dioxide (SO2).  

 

1.2 The SO2 problem and opportunities 

Millions of tons of SO2 are produced as a byproduct of coal-fired power plants, 

smelting mineral ores, and volcanic eruptions.14–16 Scrubbing SO2 is an expensive, but 



3 

 

necessary process to reduce emissions.17 Only a few industrial processes use SO2 as a 

feedstock, those include the production of sulfuric acid, paper, and food preservation.18 In 

the pharmaceutical industry, products containing sulfonyl groups (-SO2-) have been 

reported for haemorrhoid treatment.19 Current functional materials focus on SO2 sensing 

rather than using the gas as a driving force for dynamic response.20–22 The use of SO2 as a 

reagent for chemical synthesis is uncommon due to the complexity of handing the toxic 

gas. Pioneering work by Willis et. al demonstrates a technique for molecular insertion of 

SO2 through the use of a bis-SO2 surrogate.23,24 Although these advancements have been 

made, widespread use of SO2 complexes in functional materials is lacking. The challenge 

for these compounds results from traditionally weak interaction between SO2 and ligands 

such as amines.25 In addition to their weak interactions, they are also often air sensitive. 

The present work utilizes SO2 to play an integral role in a novel functional material which 

is stable under ambient conditions.  

1.3 SO2-amine interactions  

2,2’-bipyridine is one of the most widely used ligands.26 This is due to 2,2’-

bipyridine being a neutral bidentate ligand that is redox stable and easy to functionalize. A 

donor-acceptor interaction occurs through donation of available electrons residing in 

highest occupied molecular orbital (HOMO) of a Lewis base, to the lowest unoccupied 

molecular orbital (LUMO) of a Lewis acid. When these orbitals are sufficiently aligned a 

charge transfer event can occur. The complexes formed between donor and acceptor are 

known as charge-transfer complexes.  Due to orbital mixing, a charge transfer complex’s 

orbitals are more stabilized than that of its individual components. In metal coordination 
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chemistry, 2,2’-bipyridine is the electron rich Lewis base who’s sp2 lone pair electrons are 

donated to the electron deficient d-orbitals of Lewis acid transition metals. Metal to ligand 

charge transfer complexes, upon complexation, result in a myriad of vibrantly colored 

species.27–30 In this case, orbital mixing decreases the HOMO-LUMO gap significantly 

enough to where low energy visible light absorption occurs. The absorbance indictive of 

the electron transfer is known as the charge-transfer band. The present study considers a 

donor-acceptor interaction that instead utilizes a plentiful pollutant, SO2, as the Lewis acid. 

The donor-acceptor complex between SO2 and amines is a long-known chemistry.31 

Except for tertiary amines with sp3 hybridized N atoms, most amines interact weakly with 

SO2. It has been reported that SO2 forms colored charge transfer complexes with aromatic 

amines such as N,N’-dimethylaniline and N,N’-diethylaniline.32,33 The HOMO is localized 

in the aromatic amine non-bonding lone pair and LUMO is in SO2 antibonding p orbitals. 

Despite the long-history since the discovery of SO2-amine complexes, their 

photosensitivity has not yet been reported. Herein, we demonstrate the photochromism of 

simple 2,2’-bipyridine derivatives and the corresponding polymers enabled by sulfur 

dioxide (SO2). They change from yellow and magenta when irradiated with UV light and 

relax back to the yellow form in the dark with good cyclability. Different from the well-

known viologens, free radicals were absent in the photoactivated colored product even 

when the bipyridines are protonated. We also found that when 2,2’-bipyridines are 

incorporated in solid polyethylene glycols (PEG), the thermally stable yellow form and 

photoactivated magenta form both remain stable at room temperature, representing a 

unique photo-switching behavior. 
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1.4 Overview of this study 

The origin of this work stems from an observation following the synthesis of 

bipyridine containing polymers for use in a metallosupramolecular network. The polymer, 

which was a low molecular weight 2,2’-bipyridine functionalized with polyethylene glycol 

at the 4,4’- positions, appeared as a yellow color viscous fluid as synthesized. Storage of 

the product in a drawer for an indefinite amount of time showed no change to the initial 

yellow color. However, when the product was left out on the bench in direct sunlight the 

product quickly changed to an orange-colored liquid then later to a red-wine colored liquid. 

The photoproduct was able to return to the initial yellow color after minutes of 75 °C 

thermal treatment. The photo response of this liquid was found to be repeatable over many 

repeated syntheses of the same product, so we sought to investigate its mechanism. It 

quickly proved difficult to spectroscopically analyze the polymeric product for changes 

between the yellow and red colored state. This is primarily due to the decreased resolution 

of the bipyridine peaks in the presence of a high molecular weight backbone. As a result, 

a small molecule exhibiting the same photochromic response was developed.  

This work presents a successful synthesis of a novel photochromic molecule 

utilizing a 2,2’-bipyridine and sulfur oxides interaction as the chromophore. The 

photoactivated mechanism was investigated. The photochromic small molecule was then 

functionalized with various polymeric backbones which afforded unique photo responses 

depending on molecular weight and backbone character.  



6 

 

1.5 Organization of this work 

Chapter 1 introduces the photoreactions, examples of common photochromic 

molecules, relevance of SO2 functional materials, and pyridine-SO2 interactions previously 

discussed in literature. Chapter 2 analyzes the photochromic small molecule in both solid 

and solution state for mechanistic insights, then discusses the simulation data conducted 

by Dr. Samuel Odoh’s group and its agreement to experimental results. Chapter 3 presents 

the characteristics of polymeric products functionalized with the chromophore. Chapter 4 

summarizes the principal findings and suggests directions of future studies. 

Chapter 2. Photochromism of 2,2’-Bipyridine Small Molecule Derivatives 

2.1 Introduction 

Photochromic bipyridines exclusively exists in literature as N,N’-di-quaternized 

bipyridyl salts, commonly known as viologens.34 Upon 395 nm ultra violet (UV) 

irradiation, these white crystalline molecules undergo a one electron reduction to a radicle 

cation, which appears blue in color.35,36 Due to the presence of a radicle, this mechanism 

can be easily identified through electron paramagnetic resonance (EPR) spectroscopy. 

Following the synthesis of a simple 2,2’-bipyridine-4,4’-dibutyl ester it was noticed that 

395 nm irradiation resulted in a color change from yellow to pink. EPR spectroscopy of 

the colored form indicated no presence of a radicle; therefore, a new mechanism should be 

considered for this molecule. 

First, variation of synthetic route determined the photoresponsivity was a result of 

interactions with reaction byproducts rather than a property unique to the isolated molecule. 

When 2,2’-bipyridine-4,4’-dibutyl ester was formed through an acid chloride immediate 
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photochromic response was observed, while the same target molecule formed by Fischer 

esterification was non photochromic. We then developed a unique solvent system where 

reversible photochromic response is observed. The highest intensity peaks within the 

visible range were present after 20 minutes of irradiation. The color decayed following 

thermal treatment or dark storage. The reversable photochromic response was shown to 

have consistent cyclability with limited color fatigue. To isolate the role of SO2 in the 

photochromic molecule, solutions containing the 2,2’-bipyridine-4,4’-dibutyl ester of both 

synthetic routes were directly exposed to SO2 gas in the dark. The resulting UV visible 

spectra yielded identical spectra as the photochromic solutions. Finally, collaboration with 

Dr. Samuel Odoh revealed the preferred complexation orientation between bipyridine and 

SO2 as a 1:1 cis conformation. Furthermore, this complexation demonstrated DFT 

calculated absorbances consistent with experimental results. 

2.2 Experimental 

2.2.1. Synthesis of 2,2’-bipyridine-4,4’-dibutyl ester from acid chloride (route a) (1a)  

2,2’-bipyridine-4,4’-dicarboxcylic acid (0.637 g, 2.62 mmol), 10 mL of thionyl 

chloride, and 100 µL pyridine was added to a 50 mL round bottom flask, and the mixture 

was refluxed for 48 hours in N2 atmosphere. The yellow-colored 2,2’-bipyridine-4,4’-

diacid chloride solution was heated under reduced pressure to remove thionyl chloride. 

Then for two iterations, chloroform was added to the yellow solid and subsequently 

removed under reduced pressure. The acid chloride intermediate was dissolved in 3 mL 

chloroform. 1-butanol (0.790 g, 10.7 mmol) was dissolved in 2 mL chloroform and added 

dropwise into the acid chloride solution followed by the addition of 200 µL pyridine. The 
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mixture was stirred at room temperature for 18 hours in N2 atmosphere. 0.5 g of potassium 

carbonate was added to the mixture and stirred at room temperature for 18 hours. The 

solution was then filtered from the insoluble potassium carbonate and added dropwise into 

15 mL deionized water. The organic layer was removed and added dropwise into a fresh 

15 mL aliquot of deionized water for two more iterations. The organic layer was removed 

and initially dried by rotary evaporation, then overnight in the vacuum oven at 45 °C. Yield 

of pink colored solid is 79% (0.736 g, 2.06 mmol). 1H NMR (400 MHz, cdcl3) δ 8.94 (d, J 

= 1.5 Hz, 1H), 8.87 (d, J = 5.0 Hz, 1H), 7.91 (dd, J = 5.0, 1.6 Hz, 1H), 4.41 (t, J = 6.7 Hz, 

2H), 1.86 – 1.75 (m, 2H), 1.57 – 1.41 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H). 

2.2.2. Fischer esterification of 2,2’-bipyridine-4,4’-dibutyl ester (route b) (1b)  

2,2’-bipyridine 4,4’-dicarboxcylic acid (0.2657 g, 1.09 mmol), 8 mL 1-butanol, and 

800 µL H2SO4 was added to a 25 mL round bottom flask and the mixture was refluxed for 

3 hours. After the solution was cooled to room temperature, the mixture was added to cold 

deionized water which immediately formed a light pink precipitate. The precipitate was 

collected by filtration and washed with distilled water and methanol. Upon washing with 

methanol, the pink precipitate became white. The product was dried under vacuum at room 

temperature. Yield of white powered product 72% (0.282 g, 0.791 mmol). 1H NMR (400 

MHz, cdcl3) δ 8.97 – 8.90 (m, 1H), 8.87 (ddd, J = 5.0, 0.9, 0.4 Hz, 1H), 7.99 – 7.87 (m, 

1H), 4.41 (td, J = 6.7, 0.9 Hz, 2H), 1.87 – 1.75 (m, 2H), 1.66 – 1.33 (m, 2H), 1.05 – 0.88 

(m, 3H) 
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2.2.3. Protonation procedure 

Concentrated HCl solution was added into a three-neck round bottom flask. A N2 

gas line was submerged into the HCl solution. Purified charge neutral products (routes a 

and b) were added to separate vial and dissolved in chloroform. A second line exiting the 

three-neck flask is submerged into the chloroform solution. This line captures N2 gas 

carrying HCl vapor. N2 flows through the system for a total of 60 seconds. Chloroform is 

removed by rotary evaporation, and dried under vacuum at 45 °C, affording a yellow-

colored product. 

2.2.4. Characterization and methods 

1H NMR spectra were recorded on a 400 MHz or 500 MHz Varian NMR 

spectrometer using CDCl3 as solvent. The chemical shifts are reported with respect to TMS 

(δ(1H) = 0.00 ppm). UV-visible spectra were recorded on a Shimadzu UV 2550 

spectrometer. EPR spectra were recorded on a Bruker EMXPlus EPR at room temperature. 

Fluorescence spectra were recorded on a Jobin Yvon Horiba FluoroMax-3. Attenuate Total 

Reflection Fourier-transform infrared spectroscopy (ATR-FTIR) was collected using a 

Thermo Nexus 470 FT-IR with ZeSe and Ge ATR at room temperature under ambient 

conditions over the range of 650 to 4000 cm-1. Powder X-ray diffraction (PXRD) spectra 

were recorded on Bruker D2 X-ray diffractometer. X-rays sourced from Cu Kα radiation 

(λ= 1.5406 Å) over the range of 4˚ < 2(θ) < 60˚ in 0.02˚ steps measurements with a scan 

rate of 1˚/min. Solid state samples were loaded on a zero-diffraction silicon wafer coated 

with a thin layer of vacuum grease. 
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2.3. Results and discussion 

2.3.1 Solid state color change 

A 2,2’-bipyridine functionalized with ester groups at the 4,4’- position was 

observed to be photochromic. A 2,2’-bipyridine-4,4’-dicarboxylic acid, in the presence of 

thionyl chloride, was converted into an acyl chloride intermediate. Addition of pyridine, to 

remove acid protons, and two molar equivalents of 1-butanol formed a 2,2’-bipyridine-

4,4’-dibutyl ester (1a) (Scheme 1, route a). The yellow-colored crude product exhibited a 

color change to magenta within minutes following exposure to 395 nm ultraviolet light 

(UV). 

Scheme 1. Synthesis of the 2,2’-bipyridine-4,4’ diester derivatives through acid chloride 

intermediate (route a) and Fischer esterification (route b). 

At this stage it was unclear whether pyridine was involved in the photochromic 

mechanism, as aromatic stacking compounds are also reported to be photochromic.37 

Therefore removal of pyridine was necessary to see if photochromism was still present in 

its absence.  

In the reaction, pyridine acts as a base which binds with acidic protons released 

during the esterification. However, since the esterification occurred on a bipyridine moiety, 

which is also basic, pyridine and bipyridine compete for acidic hydrogens resulting in both 

being protonated. Pyridine’s conjugate acid, pyridinium, has a pKa of 5.2, while the 
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bipyridinium has a pKa1 of 4.4.38,39 Bipyridinium and pyridinium also have similar 

solubilities, which are, in turn, difficult to separate. Deprotonation with potassium 

carbonate regenerates pyridine and bipyridine, which now have unique solubilities. 

Pyridine is then washed away in an aqueous layer while the bipyridine product stays in the 

organic layer which can be separated. 

After purification, the deprotonated 1a was magenta colored and remained 

unchanged after prolonged irradiation. However, after reprotonation by hydrochloric acid 

(HCl) bubbling, 1a-H+ was once again yellow colored and photochromism was reinstated 

(Fig. 1).  

Figure 1. Photochromic response of 2,2’-bipyridine-4,4’-diester products of synthesis 

route a and b in their deprotonated states (1a and 1b) and their protonated states (1a-H+ 

and 1b-H+) 

While in the solid state, the photochromic response of 1a-H+ is stable in the dark 

and at elevated temperatures. Reversibility to the yellow product was shown through 

additional reprotonation by HCl bubbling or dissolution in CHCl3 followed by drying. The 

re-processed compound, upon UV irradiation, can readily color change to pink. 

To identify if the photochromic response is controlled by the synthetic route, the 

same 2,2’-bipyridine-4,4’-diester compound was now synthesized by Fischer esterification 

catalyzed by sulfuric acid (Scheme 1, route b). The resulting product after purification, 1b, 
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appears identical to the purified product 1a through NMR analysis (Fig. 2). Pure 1b exists 

as a white powder which did not color change following 30 minute of 395 nm irradiation. 

After HCl bubbling, the protonated 1b-H+ still appeared as a white solid which changed to 

yellow after 30 minutes of 395 nm irradiation (Fig. 1). Here it can be concluded that the 

color change from yellow to pink is exclusive to the acid chloride intermediate synthetic 

route. Sulfur dioxide (SO2) is produced as a biproduct of the conversation from carboxylic 

acid to acid chloride in the presence of thionyl chloride. Due to this, we hypothesize SO2 

drives the photochromic response. 

Figure 2. The NMR spectra which show the structural similarity of the two synthetic routes 

(A) through acid chloride and (B) through Fischer esterification. 

 

ATR-FTIR analysis of the solid-state products 1a and 1b was expected show the 

existence of SO2 or the oxidized sulfur trioxide (SO3) if there is any in the solid state. 1a 

has been exposed to SO2 during the acid chloride intermediate synthesis while 1b was 

synthesized without any presence of SO2. The S=O stretching vibrations of SO2 and SO3 
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usually absorb in the region of 1300-1350 cm-1.40 When comparing the charge neutral 

product’s spectrums, there does not exist additional peaks in this region in 1a compared to 

1b (Fig. 3A). However, two new peaks do appear at 1020 and 900 cm-1 in 1a (Fig. 3B). 

When comparing the spectra of 1a to non-irradiated 1a-H+ these peaks are also present to 

the same intensity. This eliminates the possibility of either of the modes being assigned to 

an N-S interaction as the acidic proton of 1a-H+ would occupy the nitrogen binding site. 

Further analysis is necessary to accurately assign these modes. Residual amounts of sulfur 

oxides below the detection limit of the FTIR may be present in the products.  

 

Figure 3. ATR-FTIR spectra of 1a (blue line) and 1b (red line) showing that (A) 

comparison at 1340 cm-1 signifying a lack of free SO2, and (B) two new peaks appear at 

1020 and 900 cm-1 which signify new binding modes in the presence of sulfur oxides 

 

Before considering a new mechanism, the present photochromic molecule must be 

compared to the mechanism of the well-known viologen. Viologens, following 395 nm 

irradiation, undergo a one electron reduction to form a blue colored radicle cation. The 

radicle cation is reversible with heat back to the colorless form. As a control, we preformed 

EPR spectroscopy at room temperature on a commercially available dimethyl viologen 

solid (Fig. 4). The nonirradiated methyl viologen did not respond to EPR after sweeping 
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through the organic radicle region between 3200 and 3500 Gauss.  After 15 minutes 

irradiation with 395 nm light the viologen turned colored, and the EPR presented a 

significant derivative peak attributed to the radicle cation. Heating for 15 minutes at 60 °C 

lightened the viologen’s color and showed the decrease of the derivative peak, thereby the 

decrease of the radicle cation concentration. 

 

Figure 4. EPR spectra of methyl viologen before irradiation (black line) after irradiation 

(red line) and after heating the irradiated product at 60 °C for 15 mins (blue line). 

 

The same process was executed for the photoproduct 1a-H+. However, neither non-

irradiated nor irradiated products contained organic radicles detectable by EPR 

spectroscopy (Fig. 5A). When 1b-H+ was analyzed by EPR spectroscopy a small derivative 

peak can be seen in the yellow-colored photo product, meaning a small concentration of 

radicals were detected (Fig. 5B). This result suggests that the 1a-H+ photoproduct utilizes 
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a mechanism that is different from both the methyl viologen and 1b-H+. Our hypothesis is 

a nitrogen sulfur interaction is facilitated through a radicle intermediate which is silenced 

in the color changed state of 1a-H+. 

 

Figure 5. EPR spectra before and after irradiation of the solid A) 1a-H+ without the 

presence of any radicles and B) 1b-H+ shows the presence of a small radicle concentration. 

 

Power X Ray diffraction was used to determine if there was a change in the unit 

cell of 1a-H+ after irradiation (Fig. 6).41,42 A significant change in peak intensity would 

indicate a change in atomic positions of within a lattice structure. A change in peak width 

would indicate a change in lattice strain. The formation of a new peak would suggest a new 

unit cell must be considered. The present XRD did not show any changes after irradiation; 

therefore, there is not a significant change in the crystal structure of 1a-H+ in the magenta 

state compared to the yellow state. 
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Figure 6. Powder XRD for 1a-H+ before irradiation (black solid line) vs irradiated 1a-H+ 

(red dashed line). 

Other wavelengths of light within the visible range were observed to induce color 

change for the solid product (Fig. 7). All the wavelengths were emitted from a handheld 

UltraFire LED flashlight source (3 watts), to maintain consistent flux. Blue light (470 nm) 

irradiation was able to achieve color change to a similar intensity as 395 nm irradiation. As 

the wavelength increased the photoproduct changed color to a lesser degree. Green light 

(520 nm) had minimal color change and red light (630 nm) had no color change. This 

experimental result agrees with simulation data that will be discussed later. 
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Figure 7. Irradiation of 1a-H+ with various wavelengths of visible light. Irradiation with 

395 and 470 nm (blue) light induced significant color change while 520 nm (green) light 

induced slight color change to pink. Irradiation with 630 nm (red) light was unsuccessful 

at inducing color change. 

2.3.2 Solution State Color Change 

A photochromic response in solution state is key for investigating spectroscopic 

differences between the yellow and pink forms. An irreversible photochromic response is 

observed with 1a-H+ at concentrations ≥ 400 mM in polar aprotic solvents such as 

chloroform. Below 400 mM 1a-H+, the chloroform containing solution was permanently 

yellow colored and unaffected by UV light. In polar protic solvents such as methanol, 1a-

H+ was permanently colored pink at all concentrations was and unaffected by UV 

irradiation. Reversible photochromism was observed in glycol ether solvents including 

triethylene glycol monomethyl ether (TEGMME) and polyethylene glycol 300 g/mol. 

However, solubility of 1a-H+ in these solvents was poor. As a result, a 50:50 (v/v) mixture 
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of chloroform (CHCl3) and TEGMME was the best solvent mixture for reversible 

photochromic response. This solvent system allowed for photochromic response for 

solutions as low as 20 mM (Fig. 8A). 

After 2 minutes of 395 nm irradiation the 20 mM solution of 1a-H+ began to show 

color change. A main absorption band at 550 nm, which is responsible for the pink color, 

along shoulder peaks at 410 nm, 470 nm, 510 nm, and a broad absorption greater than 600 

nm started to appear (Fig. 8B). The absorbance at 550 nm reached its maximum intensity 

after 20 minutes of irradiation. There was a slight decrease in absorbance following 

irradiation times exceeding 20 minutes, we attribute this to a thermal effect of prolonged 

light source usage. After heating the irradiated sample for 4 minutes at 75 °C the 550 nm 

peak returned to a similar absorbance exhibited in the non-irradiated state. The cyclability 

of the color change is shown by Figure 8C. The absorbance max remained consistent after 

5 consecutive irradiations. The thermal treated state slightly increased with each cycle, but 

then plateaued after the fourth cycle. If allowed to rest in the dark for 18 hours, the 

irradiated sample was completely reversable back to the non-irradiated state, where all 

photo induced bands disappeared (Fig. 8D). 
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Figure 8. (A) Reversible color change of 20 mM 1a-H+ dissolved in CHCl3:TEGMME 

50:50 and its (B) absorption spectra under timed 395 nm irradiation. (C) Cyclability of 

photochromic response after heating for 4 minutes under 75 °C followed by 20 minutes of 

irradiation. (D) Decay of color after irradiated solution is left in dark storage over time. 

 Photochromism can take place at low concentrations when the solvent system 

contains a hydroxyl terminated oligomer such as TEGMME. However, photochromism is 

deactivated for a 20 mM solution of 1a-H+ when the solvent system is a 50:50 (v/v) mixture 

of triethylene glycol dimethyl ether (TEGDME) and CHCl3 (Fig. 9A). A peak at 550 nm 

does not appear after 60 minutes of 395 nm irradiation. Yet absorbance at 450 nm continue 

to increase with irradiation time. When the solution concentration is increased to 80 mM 

photochromism returns (Fig. 9B). Here is it hypothesized that the hydroxyl group stabilizes 

the SO2-bipyridine interaction, allowing for appreciable photo response at low 

chromophore concentration. 
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Figure 9. Photochromic response of 1a-H+ dissolved in CHCl3:TEGDME 50:50 under 

timed 395 nm irradiation for a A) 20 mM solution and B) 80 mM solution. 

2.3.4 Solution state SO2 exposure 

Direct SO2 exposure to solutions of non-photochromic 1b and 1b-H+ provided 

further evidence for the cause of visible range absorptions. 20 mM solutions of 1b and 1b-

H+ were dissolved in the 50:50 TEGMME:CHCl3 solvent system and initially appeared 

clear. SO2 bubbling was performed in the dark, and after 5 minutes of SO2 exposure a color 

change from colorless to magenta occurred. The UV visible spectrum of the SO2 saturated 

solutions appeared with identical absorbances to what was present in Figure 8B, a 

maximum absorbance at 550 nm with shoulder peaks at 410 nm, 470 nm, 510 nm, and a 

broad absorption greater than 600 nm (Fig. 10). Predictably, the same SO2 saturation 

response was seen for solutions of 1a and 1a-H+ in the absence of light. Furthermore, 

unmodified 2,2’-bipyridine itself had a response to a SO2 saturated solution with a λmax 

absorbance at 525 nm. The shift to lower wavelength absorption is due to the decrease in 

conjugation without the presence of an ester. For all samples, 5 mins of SO2 bubbling 

causes is a significant color change to magenta; however, 18 hours of equilibration results 
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in a more intense color. When compared to the UV activated pathway, which can achieve 

maximum absorbance in 20 minutes, the kinetics of the color change is very slow. 

Nevertheless, we can attribute the visible absorptions to the bipyridine-SO2 complex. 

Figure 10. UV-vis absorption spectra of 20 mM 1a-H+ (black line), 20 mM 1a (red line), 

20 mM 1b (blue line), 20 mM 1b-H+ (green line), 80 mM 2,2’-bipyridine (purple line) in 

50:50 CHCl3:TEGMME after 5 minutes of SO2 bubbling followed by 18 hours of dark 

storage. 

The color change from a yellow-colored solution containing protonated bipyridine 

to a magenta-colored solution saturated with SO2 is accredited to the equilibrium between 

the bipyridine-SO2 complex and bipyridinium. The small atomic size hydrogen atom is the 

preferred binding partner with the bipyridine nitrogen. In the presence of excess amounts 

of SO2, the equilibrium will shift to the less favorable bipyridine-SO2 complex, resulting 

in a color change to pink. Figure 11A shows several possible structures for bipyridine to 
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form in the presence of excess SO2. Upon addition of more HCl, the yellow color will 

prevail as bipyridinium is ultimately preferable. 

Figure 11. A) Equilibrium between the protonated bipyridyl and bipyridine-SO2 complex. 

B) 1H NMR shifts for a) non-irradiated 1a-H+, b) 1a-H+ after SO2 bubbling in CDCl3, and 

c) 1a-H+ irradiated with 395 nm light for 20 min in the solid state and then dissolved in 

CDCl3 for data collection.  

 
1H NMR can be used to quantify the equilibrium between bipyridinium and 

bipyridine-SO2. After 3 minutes of bubbling HCl gas in a solution containing 1a all 

aromatic protons shift downfield (Fig. 11B-a). The most downfield hydrogens are attached 

the bipyridine ring at the 6,6’-positions (Ha). Due to the significant downfield shift, it was 

assumed that the bipyridine is diprotonated. After bubbling with SO2 for 5 minutes Ha 

exhibited a significant upfield shift, while Hb and Hc remained unaffected (Fig. 11B-b).  
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An upfield shift signifies Ha is in a more electron-rich environment. The proximity of Ha 

to SO2 in complex 2c would be consistent an upfield shift. Also considering that Hb and Hc 

were uneffected after SO2 exposure, an exchange from a diprotonated bipyridinium to a 

2:1 SO2:bipiyridine complex could explain the spectra observed (Fig. 11B-b). 

We then compared the NMR shifts seen in the SO2 saturated solution to what is 

observed in the irradiated solid for 1a-H+ shown in Fig. 1. After irradiation in the solid 

state, followed by dissolution in CDCl3, all three aromatic ring protons exhibited clear 

upfield shifts (Fig. 11B-c). The upfield shift of Ha identically matches what was observed 

in the SO2 saturated solution. However, these changes are more likely due to deprotonation 

of bipyridine rather than formation of bipyridine-SO2 complex, since the solution is yellow 

colored upon dissolution in CDCl3 at NMR concentration (5 mg/mL or 14 mM). The color 

of the NMR solution indicated that bipyridine and SO2 are dissociated upon dissolution. 

As a result, the NMR suggests a release of HCl upon UV irradiation in the solid state. 

However, it is possible that the formation of an SO2-bipryidine complex in the solid state 

could facilitate deprotonation, since similar trends were observed following the irradiation 

of nonphotochromic compounds 1b-H+ but to a significantly smaller extent (Fig. 12). 

Before use, 1a-H+ and 1b-H+ were sufficiently dried for 18 hours at 45 °C under vacuum, 

ruling out the loss of HCl has a thermal effect induced by the UV lamp.  
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Figure 12. 1H NMR shifts before and after 30 min irradiation at 395 nm for 1b-H+ indicate 

a smaller loss of HCl upon irradiation for products that have never been exposed to SO2. 

2.3.6. Solution state fluorescence. 

During irradiation of a 20mM 1a-H+ solution in 1:1 TEGMME:CHCl3 florescence 

occurs. Excitation with 395 nm light emits a wavelength of 454 nm. Blue emitters are 

rare in literature especially for SO2 containing compounds. Fluorescence of other 

wavelengths have been reported for SO2 containing compounds.43–45 Interestingly, when 

the irradiation wavelength is shifted, the fluorescence wavelength also shifts to the same 

direction (Fig. 13A). The emitted 454 nm light is the highest intensity compared to other 

wavelengths of light emitted by excitations other than 395 nm (Fig. 13B). It was also 

noticed that when excited with 454 nm light, the wavelength of the blue emission, 

another weaker secondary emission occurs at 525 nm. 

 

After 
Irradiation 

Before 
Irradiation 
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Figure 13. (A) A positive linear relationship between excitation wavelength and emission 

wavelength for 1a-H+ solutions containing TEGMME:CHCl3 50:50. (B) The emission of 

454 nm light following 395 nm excitation (red point) is the highest intensity compared 

emissions induced by other excitation wavelengths. 

3.2.7. Photoactivated mechanism and theoretical calculations 

Thus far it is uncertain which of the complex structures (Fig. 11A 2a-2c) could be 

responsible for the change transfer band present at 550 nm. To answer these questions, we 

collaborated with Dr. Samuel Odoh’s lab to determine the optimized structures of 

complexes 2a-2c before and after photo-irradiation through DFT calculations. The ground 

state equilibrium N-S bond distances were between 2.50-2.65 Å for 2a-2c. These bond 

distances presented a calculated absorption spectra without a feature above 300 nm, 

consistent with our experimental results. 
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The potential energy surface of complexes 2a-2c, through constraining N-S 

distances, suggest a unique potential energy surface for 2b-cis (Fig. 14, red line). It shows 

a local energetic minimum where the N-S distance is 1.662 Å. Without geometrical 

constraints, the structure with this N-S distance was also found to be optimal. Compared 

to the ground state equilibrium bond distance, this region lies 42.7-43.3 kcal/mol higher in 

energy. Therefore, light with wavelengths below 627 nm will populate this minimum. This 

was experimentally consistent with Figure 7 where exclusively red light (630 nm) did not 

induce color change for 1a-H+.  

 

Figure 14. Structures and potential energy surfaces of 2a-2c obtained at the B3LYP-

D3BJ/def2-TZVP level. Structure 2a (black line) 2b-trans (blue line), and 2c (pink line) 

exhibit no unique features representative of a photochromic response, while 2b-cis (red 

line) shows a local energetic minimum at a decreased bond length of 1.662 Å 
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Light with wavelengths of 365-395 nm corresponds to photons with the energy of 

72-78 kcal/mol. Upon irradiation with this wavelength the N-S distance of 1.475 Å is 

achieved for 2b-cis. The calculated absorbance spectra for 2b-cis at an N-S bond distance 

1.475 Å (Fig. 15 green line) as well as the localized minimum bond distance of 1.662 Å 

(Fig. 15 red line) produced appreciable absorptions between 500 and 550 nm. Complex 

structures of 2a, 2b-trans, and 2c did not produce significant peaks at their corresponding 

bond distances at 72-78 kcal/mol. The computation results indicate that photoirradiation 

results in a non-equilibrium shortened N-S distance. Upon 395 nm exposure the 1.475 Å 

N-S bond distance relaxes to the local minimum of 1.662 Å, which is responsible for the 

absorption near 550 nm.  

Figure 15. Calculated spectra of non-equilibrium structures of 2a-2c formed after 

photoirradiation. Spectra are convoluted with Lorentzian functions with FWHM of 4 nm. 

Spectra of 2b-cis conformations of N-S bond distances 1.475 Angs. (green) and 1.662 

Angs. (red) contain absorbances between 500-550 nm, consistent with experimental 

results. 

Through domain-based local pair natural orbital similarity transformed equation of 

motion–coupled cluster singles and doubles (STEOM-DLPNO-CCSD) calculations it was 
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determined that as SO2 becomes closer to the bipyridine rings the highest occupied 

molecular orbital (HOMO) is significantly destabilized. This reduces the gap to the lowest 

unoccupied molecular orbital (LUMO) to 2.28 eV from 4.71 eV at equilibrium. This factor 

leads to the intense absorption at 500-550 nm at the local energetic minimum of 2b-cis. 

 For simplicity, calculations were performed on 2,2’-bipyrdine-4,4’-dimethyl ester 

substituents. Experimentally, changing dibutyl ester to a dimethyl ester product was no 

longer photoactive. However, a didecyl ester product was still photochromic. Dimethyl 

ester is crystalline at room temperature while dibutyl and didecyl esters are amorphous 

solids at room temperature. Thus, the loss of photochromism can be attribute to the lack of 

retained SO2 in the crystalline solid. 

2.4 Summary of findings 

A synthesis was proposed for the formation of a photochromic small molecule 2,2’-

bipyridine-4,4’dibutyl ester (scheme 1, route a). This molecule undergoes a color change 

in the solid state from yellow to pink after minutes of 395 nm irradiation. The color change 

is stable in the dark and at elevated temperatures and is only reservable through exposure 

to acidic conditions. The color change mechanism was deemed unique from the well-

known viologen after EPR analysis. A variation in the synthetic route (scheme 2, route b) 

produced an identical NMR spectrum, but no longer had photochromic response. Here we 

begin to attribute color change to an interaction between bipyridine and SO2, a side product 

of the first synthesis route. IR analysis of the solid state 1a and 1b does not show any free 

SO2 (1340 cm-1); however, it did show two binding modes between 900-1020 cm-1 which 

appeared exclusively in 1a. 



29 

 

Solution state spectroscopy required a unique solvent system for low concentration 

reversible photochromic response. The proposed solvent system was a 50:50 (v/v) 

chloroform to triethyl glycol monomethyl ether mixture. Using this this solvent system, we 

were able to measure an absorbance at 550 nm which corresponds to the pink color. This 

peak reached a maximum intensity following 20 minutes of 395 nm irradiation. The 550 

nm absorbance returned to the level of the non-irradiated state following 4 minutes of 75°C 

or 18 hours of dark storage. The color change was reversible over many cycles without loss 

of color intensity. Upon 395 nm irradiation the solution fluoresces blue light. To evaluate 

the mechanism of bipyridine SO2 responsible for color change, a solution of non-

photochromic 1b was saturated with SO2. This afforded a UV-vis spectra containing peaks 

like the irradiated 1a-H+ solution. Furthermore, 1H NMR spectra exhibit similar shifts from 

the non-irradiated sample induced by irradiation or saturation with SO2.  

Density functional theory calculation data provided by Dr. Samuel Odoh’s group 

evaluated the possible bipyridine-SO2 complex structures (2a-2c) responsible for the 

absorption at 550 nm in chloroform. None of the suggested complexes had absorptions 

above 300 nm in the ground state; however, optimizing geometry through constrained N-

S distances described 2b-cis to have a local minimum on the potential energy diagram at a 

bond distance of 1.662 Å. This local minimum required a wavelength below 627 nm 

overcome the energy barrier from the ground state. A N-S interaction constrained at this 

bond distance produced an absorption spectrum which had a unique feature at 532 nm, 

consistent with experimental observations. 
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Chapter 3. Application in photochromic polymers 

3.1 Introduction 

This chapter discusses the synthesis and photoresponsivity of polymers 

functionated with the small molecule 2,2’-bipyridine-4,4’-diester. In a polymer matrix, it 

is known that photochromic transitions are generally slower compared to in solution. This 

is due to the lack of free volume which serves to restrict the segmental motion and increase 

steric hinderance in certain isomers.46 Since the mechanism observed in the small molecule 

chromophore is induced by a shortening of a bipyridine-SO2 bond distance, reduced 

molecular motion should not greatly effect photochromic response. However, SO2 mobility 

is affected by the system polarity. The ability for SO2 to interact with the chromophore 

within a polymer matrix is dependent on repeat unit character. When comparing two 

common polymers polyethylene and polypropylene, SO2 can permeate through a 

polyethylene matrix at a rate 7 times faster than polypropylene.47 Here we synthesized 

chromophore containing polymer derivatives of low and high molecular weights 

polyethylene glycol and polypropylene glycol. The photoresponsivity was shown to exhibit 

thermally reversible color change for both low and high molecular weights of polyethylene 

glycol. Yet only low molecular weight polypropylene glycol containing photopolymers are 

photochromic while high molecular weight was unresponsive. This suggests SO2 mobility 

with a polar maxtrix as an important factor for polymer photoresponsivity.  

 Currently, other members in the Yang group are interested in the 

mechanoresponsivity of bipyridine containing polymers. Introductory experiments 
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regarding viscosity change before and after irradiation were analyzed. A small decrease in 

viscosity was identified after irradiation of the polymeric samples. 

3.2 Experimental 

3.2.1 Synthesis 

2,2’-bipyridine 4,4’-dicarboxcylic acid (0.637 g, 2.62 mmol), 10 mL of thionyl 

chloride, and 100 µL pyridine was added to a 50 mL round bottom flask, and the mixture 

was refluxed for 48 hours in N2 atmosphere. The yellow-colored 2,2’-bipyridine 4,4’-

diacid chloride solution was heated under reduced pressure to remove thionyl chloride. 

Then for two iterations, chloroform was added to the yellow solid and subsequently 

removed under reduced pressure. The acid chloride intermediate was dissolved in 3 mL 

chloroform. Polymer chain extender of either PEG 300, 2000, or 4000 g/mol or PPG 425 

or 4000 g/mol (2 equivalents) was dissolved in 2 mL chloroform and added dropwise into 

the acid chloride solution followed by the addition of 200 µL pyridine. The mixture was 

stirred at room temperature for 18 hours in N2 atmosphere. 

3.2.2 Irradiation Procedure 

An UltraFire 502UV LED flashlight (395 nm) was the primary irradiation source. 

The samples were irradiated at a distance 2.5 cm from the light source. 

3.2.3 Viscosity measurements 

Viscosity measurements were performed on a TA Instruments Discovery HR-2 

Hybrid Rheometer. A parallel plate geometry with a 450 nm gap was filled and trimmed 

with 2,2’-bipyrine-4,4’-diester functionalized with PEG 300 g/mol. First, a flow sweep was 

preformed from 10-1 to 102 Hz to determine the yield stress of the product. The yield stress 
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was determined to be 10 Hz. Then to determine the viscosity of the sample, a flow peak 

hold was performed at the yield stress for 180 seconds taking a measurement every second. 

The reported viscosity is an average of the 180 measurements. 

3.3 Photochromic response of polymer 

Utilizing the small molecule chromophore 2,2’-bipyridine-4,4’diester, 

photochromic polymers were obtained. We polymerized 2,2’-bipyridine-4,4’-dicarboxylic 

acid with polyethylene glycol (PEG) 2000 g/mol via acid chloride intermediate (Scheme 

1, route a). The acid chloride intermediate provided SO2 and HCl to allow for photochromic 

response. A polyether was chosen due to the success of glycol ether solvents to facilitate 

low concentration reversible photochromic response for small molecule solutions. The 

resulting polymeric product was a white semicrystalline solid. Upon irradiation with 395 

nm light through a UV stencil, the white solid was able to turn magenta selectively within 

the stencil (Fig. 16). After irradiation, the magenta color was stable for 24 hours in the dark 

at room temperature. The entirety of the product was then exposed to additional 395 nm 

irradiation, resulting in a wholistic color change. After 75 °C thermal treatment for 4 

minutes, the magenta-colored solid was converted to a white colored liquid which rapidly 

cooled back to a white semicrystalline solid. The white solid was also stable at room 

temperature in the dark but was readily able to color change to magenta upon additional 

UV irradiation. The stability of both the non-irradiated white solid and the irradiated pink 

solid at room temperature differentiates this material from many other photochromic 

systems. 
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Figure 16. 2,2’-bipyridine-4,4’ diester functionalized polyethylene glycol 2000 g/mol 

polymers showing stable photo-responses after irradiation, thermal treatment, and dark 

storage. 

The stability of the magenta-colored irradiated state is the same as the small 

molecule solid, there is a lack of HCl in the solid state. Upon irradiation, the bipyridine-

SO2 interaction is stabilized and HCl diffuses into the PEG matrix. Only until the sample 

is in the liquid state can HCl diffuse back into the bipyridine moieties, which breaks the 

SO2-bipyridine colored complex. The small molecule solid has a much higher melting point 

therefore the liquid state molecular mobility cannot be reached for reversible photochromic 

response. 

More photochromic polymers composed of other molecular weights of PEG as well 

as polypropylene glycol (PPG) were synthesized and exhibit unique characteristics (Fig. 

17). Polymers containing low molecular weight PEG 300 g/mol (Fig. 17 , 1)) and PPG 425 

g/mol (Fig. 17 , 3)) exhibit similar properties for photochromic response. As synthesized, 

they are yellow viscous liquids that are stable in the dark at room temperature. Upon first 

irradiation with 395 nm UV light, the yellow liquid color changes to a red wine-colored 

liquid. This color is also stable in the dark at room temperature. If heated at 75 °C for 4 

minutes the red color returns to yellow, but only at elevated temperatures. Upon cooling in 
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dark storage for 1 hour, the red color returns without need for additional irradiation. This 

color change relationship indicates a permanent change following the first irradiation 

The photo-response of polymers containing higher molecular weight PEG and PPG 

4000 g/mol are distinct from one another. The first difference is the phase of the two 

products as synthesized. The product containing PEG 4000 g/mol is solid at room 

temperature while PPG 4000 g/mol is liquid at room temperature. This is due to the increase 

in free volume by PPG’s methyl group, which does not form an ordered solid at 4000 

g/mol.48 The PEG 4000 g/mol containing polymer responds identically to the PEG 2000 

g/mol described earlier, but PPG 4000 is unresponsive to photoirradiation. This can be 

explained by polarity difference for PPG compared to PEG.47 PEG is more polar which 

facilitates dispersion of SO2 throughout the matrix affording color change for low 

chromophore concentrations. While using higher molecular weight polymers the 

concentration of bipyridine chromophores decrease, causing the mobility of SO2 through 

the polymer matrix to play an important role. If there are not enough SO2 molecules near 

the bipyridine moieties due to low distribution, then colored SO2-bipyridine complexes 

cannot form. 
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Figure 17. Photochromic response of 2,2’-bipyridine-4,4’-diester polymeric samples of 

type PEG 300 (1), PEG 4000 (2), PPG 425 (3), PPG 4000 (4) 

3.4 Irradiation dependance on viscosity 

Viscosity differences in the never irradiated state compared to the irradiated state 

evaluated using a parallel plate rheometry assembly. A sample containing a functionalized 

PEG 300 g/mol sample was used for this test (Fig. 18). Following the first irradiation a 

slight decrease in viscosity occurs. Thermal treatment of the irradiated form followed by 

sufficient cooling causes an increase of viscosity greater than twice of the never irradiated 

product. A second irradiation of the polymer again results in a viscosity decrease. A 

viscosity decrease is indictive of fewer intermolecular attractive interactions occurring in 

the irradiated state.49 This trend is consistent with the increase in electron density signified 

by an NMR upfield shift following irradiation of photochromic the small molecule (Fig. 

10). The increase of electron density on the will likely repel two bipyridine moieties from 
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one another due to Coulomb’s law.50 The repulsion of the bipyridine moieties will induce 

less PEG chain entanglement thereby resulting in a lower viscosity liquid. 

Figure 18. Viscosity response of 2,2’-bipyridine 4,4’-diester containing polyethylene 

glycol 300 g/mol in the irradiated and non-irradiated states. 

 

3.5 Summary of Findings 

Polymers functionalized with 2,2’-bipyridine-4,4’-diester in the backbone were 

synthesized using the same synthetic route (a) as the photochromic small molecule. The 

photochromic response is tunable based on what backbone is used and at what molecular 

weight. Polyethylene glycol (PEG) 300 g/mol and polypropylene glycol (PPG) 425 g/mol 

backbones are similar in response as they are yellow liquids that are color stable until the 

first direct irradiation. Upon irradiation they color change to a red liquid that is reversible 

back to the yellow state under 75 °C heat. Upon cooling too room temperature the red color 

begins to return to full intensity after 1 hour of dark storage. Furthermore, the viscosity of 

a PEG 300 g/mol was shown to decrease upon irradiation. 

PEG 2000 and 4000 g/mol backbones yielded white semicrystalline solids that can 

color change to a pink solid upon direct UV irradiation. These samples are reversible after 
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4 minutes of heat back to the non-irradiated white solid. The white solid is stable for 

prolonged dark storage but can readily color change again with additional irradiation. PPG 

4000 g/mol backbones were found to be non-photochromic. 

Chapter 4. Conclusion and Outlook 

4.1 Conclusions 

  A photochromic molecule containing 2,2’-bipyridine-4,4’-diester was synthesized 

as a small molecule product. Through spectroscopic analysis of two synthetic routes of the 

small molecule, in conjunction with computational data, the photochromic mechanism was 

predicted to involve a bipyridine-SO2 charge transfer complex. Upon UV irradiation the 

N-S bond strengthens, which lowers the energy of the charge transfer band into the visible 

range. Reversible color change was found for a small molecule solution. After irradiation 

induced color change, a colored solution was reversible back to the non-irradiated state by 

dark storage or thermal treatment. It was demonstrated that color intensity remained 

consistent after many cycles of irradiation following thermal treatment. Polymers 

functionalized with 2,2’-bipyridine-4,4’-diester in the backbone demonstrated unique 

photochromic behavior depending on the backbone polarity and molecular weight. 

4.2 Outlook 

Future studies utilizing the present chromophore should focus on its photo-response 

as a polymer. Currently, a photochromic response has only been reported for linear chains. 

Given that the proposed mechanism is not reliant on significant molecular movement, it is 

hypothesized that crosslinked polymer networks should exhibit photochromic response. 

Formation of a crosslinked polymer network would allow for use as a photochromic thin 
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film and coating. Future work will focus on the mechanoresponsivity of bipyridine 

polymers. Considering how the viscosity decreased upon irradiation for linear polymers, it 

is hypothesized that the tensile strength of a photochromic film will also be affected by 

irradiation.51,52 

 The SO2 was the only tested Lewis acid in this study. SO2 is considered a 

‘borderline Lewis acid’ whose strength lies between a soft and hard acid. The photo 

response of other non-metal hard Lewis acids such as CO2, and BF3 or soft Lewis acids 

such as BH3 or Br2 may change the photoresponsivity. Selenium oxides will also be 

considered. Different Lewis acids would have unique charge transfer band absorbances, 

which could allow for photochromic response of many different colors.53 Another approach 

is to vary the substituents on the bipyridines from electron-withdrawing to electron-

donating groups.  

 Purging nitrogen gas limits the reaction’s exposure to ambient air. The synthesis of 

the photo-responsive small molecule and polymer was completed only under nitrogen 

purge of the reaction vessel headspace, but not the reacting solution itself. Purging the 

reacting solution with inert gas would limit the oxidation of SO2 to sulfur trioxide (SO3) in 

air. Amine-SO3 complexes have been widely reported in literature, therefore we plan to 

explore this interaction as what could drive the photo-response.54,55 Further oxidation states 

of sulfur oxides, such as SO4
2-, may also be considered for their role in the photo-response. 

 Quantitative evidence for the dissociation energy of the N-S bond could be 

performed through variable temperature infrared spectroscopy (VTIR).56 These tests can 

precisely determine the strength of solid-gas interactions. The thermal treatment to force 
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reversible photo-response described in our work (75 °C for 4 minutes) was in excess of the 

minimum amount of energy necessary. A VTIR experiment would allow the stability of 

our described N-S interaction to be comparable to other reported N-S interactions in 

literature, which could enhance the novelty of what we observe. The dissociation energy 

can be extrapolated to determine a wavelength of light which can cause color change 

reversibility.  
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