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Abstract 

Use of fluorine has increased since its first use in 1957 due to its ability to change 

the physiochemical properties of compounds, including lipophilicity, solubility, 

conformation, pKa, and metabolic stability. Common fluorine motifs include: -CF3, -CF2, 

and -CF groups bonded directly onto an aromatic (Ar-CF3 and Ar-F) or pyrazole rings 

(Py-CF3). Photolysis of these compounds is a potential source of new fluorinated 

compounds into the environment. With potential toxicity of organofluorine products, 

such as fluoroacetic acid, monitoring of product formation during photolysis of various 

fluorinated motifs is needed. To determine fluorinated products, selected pharmaceuticals 

with the Ar-CF3, Ar-F, and Py-CF3 motifs were subjected to photolysis in four aqueous 

conditions: pH 7, pH 10, 1 mM H2O2 at pH 7 to form •OH, and 0.5 mM SO3
2- at pH 10 to 

form eaq
-. Additionally, 2-, 3-, and 4-trifuoromethylphenol (TFMP) and fluorophenol (FP) 

were used as Ar-CF3 and Ar-F model compounds, respectively.  These model compounds 

were subjected to photolysis to further study product formation from these fluorine 

motifs, as well as determine if ring placement influences product formation. Product 

identification and fluorine quantification by 19F-NMR on a 600 MHz magnet equipped 

with a 5 mm cryoprobe were conducted. Rate constants of parent compound loss were 

monitored on an HPLC. All Ar-F model compounds only produced fluoride. The three 

Ar-CF3 model compounds led to different organofluorine products based on motif 

placement as well as reaction conditions. Trifluoroacetic acid (TFA) was only produced 

by 4-TFMP, suggesting ring placement is important for TFA formation. TFA was also 

found to form from fluoxetine, matching the 4-TFMP model compound. Sitagliptin 

formed fluoride and followed the trend of the Ar-F model compounds except when the 

pH was above the pKa of the molecule.   
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Chapter 1 Introduction and Literature Review 

 

1.1 Naturally Occurring Fluorinated Compounds 

 

 Fluorinated compounds derived from natural processes are rare in the 

environment, despite fluorine being the thirteenth most abundant element in the Earth’s 

crust. Most of the fluorine is in the mineral form of fluorite and not bioavailable to any 

organisms.1,2 Roughly 3700 organohalides naturally occur in the environment, of which 

only 30 contain fluorine, possibly due to the lack of bioavailability of fluorine.3 Both 

abiotic and biotic processes form organofluorides, with volcanic ash being the largest 

contributor of hydrogen fluoride in the atmosphere.4 In addition to hydrogen fluoride, 

other small fluorinated molecules such as alkanes are found in volcanic gas.5 During 

eruptions, these fluorinated compounds are released into the environment.  

Biotically derived organic fluorine molecules, however, do exist. Plant species 

have been found to produce fluoroacetate as a defense mechanism against grazing. In 

1943, Dichapetalum cymosum was found to produce fluoroacetate.6 This plant was 

known to be toxic to cattle and sheep in South Africa before understanding that 

fluoroacetate was the reason. Less than a half of an ounce of the plant is fatal to sheep, 

proving that fluoroacetate production is an effective mechanism for defense against 

grazing.7 This mechanism, however, is not common. Other fluorinated organic 

compounds have been found to be synthesized in plants and bacteria including: (2R,3R)-

fluorocitrate, fluorooleic acid, fluoroacetone, nucleocidin, and 4-fluorothreonine.8 It 

suggests that nature has found a way to incorporate fluorine, the most electronegative 

element, into synthetic pathways that benefit the organism. Interestingly, no biotically 

derived  fluorinated compound has more than one fluorine atom while multiple fluorine 
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atoms can be present in abiotically derived compounds, including tetrafluoroethylene, 

hexafluoropropene, and chlorodifluoromethane.3 

1.2 Use of Fluorine in Pharmaceuticals and Agrochemicals  

 

Contrary to naturally derived molecules, the presence of fluorine is widespread in 

anthropogenic compounds, and its use is becoming more common. In 2018, 17 new 

pharmaceuticals that contained fluorine were approved by the U.S. Food and Drug 

Administration (FDA), which was the most ever to date.9 Since the first fluorinated drug, 

fludrocortisone, came to market in 1955, over 150 other fluorinated drugs have followed. 

In 2010, 20% of administered drugs contained fluorine, with an increasing trend.10 Some 

of the most common drugs, fluoxetine (Prozac), atorvastatin (Lipitor), and ciprofloxacin 

(Ciprobay) contain fluorine and generate billions of dollars in revenue.11–13 Thus, the 

increasing popularity of fluorine in the pharmaceutical industry is not to be ignored.  

Fluorine is even more abundant in the agrochemical industry, with 50% of 

fungicides, herbicides, and insecticides containing fluorine.14 If not fluorine, many 

agrochemicals contain another halogen, chlorine, or in some cases both fluorine and 

chlorine. In fact, between 2010 and 2016, 96% of new agrochemicals contained at least 

one halogen atom, and the presence of fluorine in pesticides increased 52% over this time 

period.14,15 Agrochemicals can be broken down to three categories: insecticides, 

fungicides, and herbicides.  All three categories have an increasing trend of fluorine use. 

Between 1990 and 2002, 41% of insecticides, 36% of herbicides, and 23% of fungicides 

contained at least one fluorine atom.16 The increase in fluorine use is attributed to the fact 

that agrochemicals that contained fluorine were found to have an increased potency 

compared to non-fluorinated agrochemicals.16 Thus, the dose of the agrochemicals is 
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decreased, which is cost beneficial to the farmer. Many factors are considered when 

developing agrochemicals, including environmental safety, economic viability, efficacy, 

and user friendliness. Agrochemicals that are approved for use should degrade into a 

benign product, have rapid mode of action, be sold at a price that farmers can afford, and 

should be safe to apply and have a low acute toxicity.15 Similar guidelines are used for 

the pharmaceutical industry. 

1.3 Appeal of Fluorine 

 

The application of fluorine to pharmaceuticals and agrochemicals changes the 

physiochemical properties such that they become more appealing and useful to these 

industries.9,16 The addition of fluorine onto a molecule yields desirable effects including 

metabolic stability, thermal stability, change in pKa values, increased lipophilicity and 

polarity, and increased membrane permeability.14 Substituting a hydrogen for a fluorine 

atom in drug development is being done at a faster rate than ever before, because 

substituting one atom for fluorine can change the biological function of the entire 

molecule.9,17 Additionally, substituting hydrogen for fluorine does not change the steric 

and geometric structure relative to the entire molecule.18 One reason for this is that 

fluorine is a small atom (van der Waals radius of 1.35Å) that lies between hydrogen 

(1.2Å) and oxygen (1.4Å). .17 The substitution of fluorine, however, does change the 

electronegativity, bond strength, and molecular weight of the molecule.17,19 

Fluorine is the most electronegative atom, and, it also has one of the strongest 

bonds to carbon at 116 kcal/mol.17 The strong bond energy leads to high resistance to 

oxidative and thermal stresses.20 The resistance to these stresses is appealing to drug 

developers because it is a simple way to create stability while not changing the 
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conformation of the molecule. This allows for a longer half-life within the body and an 

increased time over which the drug is effective.21 In an aromatic system, fluorine reduces 

oxidation mainly through its high inductive effect (Figure 1-1). The inductive effect pulls 

electron density away from the aromatic structure and towards the electron withdrawing 

group, decreasing the ability of nucleophilic attack. Conversely, resonance adds electron 

density to the aromatic structure, and these two effects compete. With fluorine being the 

most electronegative atom, its inductive effect is large and outcompetes the resonance 

effect, resulting in a deactivation of oxidation. With enzymatic and biochemical 

processes, the fluorine atom reduces oxidation sterically. This is because enzymes are 

particular in the shape of their active sites and slight changes in molecular shape can 

cause the enzyme to no longer work. One of the main chemical oxidation pathways is the 

abstraction of a hydrogen atom followed by oxidation to an alcohol group. With the 

addition of fluorine, that abstraction is halted, stopping the oxidative process. This is 

because of the strong bond energy between carbon and fluorine (Figure 1-2).21 

 

 

Figure 1-1. Diagram of the resonance effect with fluorine on a benzene ring, showing the 

electron density moving throughout the molecule, and the inductive effect of fluorine, 

showing that the electrons will not be moving throughout the molecule due to the large 

electronegative effect of fluorine.   
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Figure 1-2. A part of a drug in development for migraines showing the addition of 

fluorine to inhibit the oxidation of the molecule. The top reaction shows the oxidation 

without fluorine and the bottom shows it with the addition of fluorine.21 

 

Changing the lipophilicity of a molecule with the addition of fluorine is complex. 

Typically, it increases the lipophilicity, but in certain molecular environments it can 

decrease.21 When the addition of fluorine decreases the lipophilicity, there is an oxygen 

atom at most 3.1 Å away from the fluorine.22 Using log D values to measure lipophilicity, 

where D is the partition coefficient between octanol and water (also known as Kow). A 

database containing 293 compounds showed a Gaussian distribution with an average 

increase in lipophilicity by 0.25 log units by substituting one hydrogen atom for a 

fluorine.22 These changes in lipophilicity aid permeation of molecules through the cell 

membrane.  

The addition of fluorine has strong effects on the acidity or basicity of functional 

groups. In some cases, it changes the pKa by multiple log units. For acetic acid and 

trifluoroacetic acid, the pKa values are 4.76 and 0.23, respectively.23 The pKa value 
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changes with every addition of a fluorine atom, such that the pKa of a compound can be 

optimized to a certain degree by adding single or multiple fluorines.23 This fact is used 

when dealing with the two competing variables of binding affinity and cell permeation 

through the membrane.24 The changes in pKa values can be attributed to the high 

electronegativity of fluorine. It is effective at pulling the electron density towards itself, 

resulting in lower electron densities elsewhere in the molecule. These lower electron 

densities could be where a hydrogen lies, and so it becomes more acidic and likely to 

leave the molecule altogether, reducing its pKa value.  

There are varying functional groups to which fluorine is added to a molecule, 

herein called motifs. These motifs can be split into broad categories e.g., aromatic, 

aliphatic, pyrazole ring, and other (Table 1-1). A common fluorine environment of the 

“other” motif is a trifluoromethyl group bound to sulfur. In any of these motifs, the 

fluorine addition can range from a single fluorine to multiple, often three via the addition 

of the trifluoromethyl group. 

 

 

 

 

 

 

 

 

 

 



7 

 

Table 1-1. Examples of fluorinated motifs 

that can be found in common 

pharmaceuticals and agrochemicals. 

 

 

The trifluoromethyl group is commonly used in the pharmaceutical and 

agrochemical industry. Additionally, the aryl fluorine is one of the more common 

aromatic fluorine motifs.10,19 The trifluoroamide group may soon come to market because 

synthesis has become economically feasible. Amide groups are already widely used for 

their ability to interact with biological and enzymatic receptors. The fluorine addition 

allows for metabolic stability. One of the bestselling pharmaceuticals, atorvastatin, has 

both fluorine and an amide group albeit not bonded to each other. This motif allows for 
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the advantages of both fluorine and amides to be utilized together in drug development.25 

This motif is also shown in Table 1-1. 

1.4 Anthropogenic Fluorine in the Environment 

 

Poly- and perfluoroalkyl substances (PFAS) are highly fluorinated manmade 

chemicals used throughout industry. There are thousands of variations of PFAS 

molecules, and they persist in the environment with no known biotic or abiotic route of 

degradation.26 These compounds are so persistent in the environment that they were 

found at ng/g levels in the tissues of arctic animals, far from human civilization.26 Within 

the sediments of Lake Ontario, detection of these perfluoroinated compounds was 

ubiquitous among the samples, ranging from about 0.5 ng/g to 30 ng/g dry weight. These 

samples were also radiometric dated and found to range from 1952 to 2005. No detection 

of these perfluoroinated compounds were found before 1952, roughly a decade after they 

started to be widely used.27 PFAS have received substantial attention for their persistence 

and impact on the environment. Many other compounds, including pharmaceuticals and 

agrochemicals, also have fluorine in their structures and contribute to the total fluorine in 

the environment.  

Wastewater treatment plants (WWTP) are a large point source of pharmaceuticals 

in the environment.28 WWTPs are currently not designed to fully degrade or remove the 

pharmaceuticals. Pharmaceuticals can be active in the ng/L and µg/L range, while 

WWTPs were designed for degrading higher concentrations of organic carbon.29 Hospital 

effluent is another source that is rich in pharmaceuticals and provides a pathway to the 

environment. A study in Japan showed detection of 41 pharmaceuticals, antiseptics, and 
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other healthcare drugs in a hospital effluent. They also tested the WWTP to which the 

hospital waste flows, and they found 8 compounds to the hospital waste.30 

In rural areas, where WWTPs and hospitals are not present or small, agriculture, 

animal husbandry, and aquaculture are the main sources of anthropogenic compounds 

into the environment.31 Fungicides, both fluorinated and not, have been found in 

agricultural catchments. In a screening for 24 different fungicides, 17 were detected. 

With 63% of water samples having detection, 44% of passive samplers had a detection, 

and 42% of sediment samples had detection of fungicides. Water samples had the largest 

variety of fungicides, at 14. Only two of the 24 fungicides were fluorinated, tetraconazole 

(R-CF2-CHF2) and trifluoxystrobin (Ar-CF3), both of which were the 14 detected 

compounds in surface water. Trifluoxystobin had a higher frequency of detection and 

concentration than tetraconazole, and it was also detected in sediment, while 

tetraconazole was not.32 

Organic fluorine found in surface water, sediment, and groundwater is most likely 

due to human activity because few organic fluorine molecules naturally occur.1 Detection 

of agrochemicals in the environment is not surprising, because most agrochemicals are 

applied directly onto fields, where runoff can occur, and in cases where the plants are 

aquatic, the agrochemicals are applied directly into the water.33 Furthermore, 

pharmaceutical residues have been detected in almost all environmental matrices, 

including ground water and surface water. They have even been detected in polar regions, 

where the human population is scarce.29 The release of pharmaceuticals and 

agrochemicals into the environment is no longer of question. The increased use of 

fluorine in these compounds will increase the total amount of organic fluorine released 
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into the environment. These fluorinated compounds are of concern because the fluorine 

addition alters the microbial degradation, resulting in a more persistent contaminant.34 

Increase in production and use of fluorinated compounds increases the chances of 

fluorine containing compounds being released into the environment, through wastewater 

and industrial plants or agricultural sources. The nature of these compounds makes it so 

that they persist within the environment and degrade slowly, causing concern. Although 

the fluorine atom can alter susceptibility to microbial degradation, there are still pathways 

of degradation within the environment. The identities and impacts of fluorinated 

breakdown products of these compounds are unknown.   

1.5 Photolysis  

 

While biotic degradation can occur, many routes of abiotic degradation are 

important, such as hydrolysis, acid-base reactions, thermal degradation, and photolysis.35 

Because pharmacuticals are designed to be stable in aqueous solutions and biological 

systems, photolysis is an important degradation pathway. Simply put, photolysis is the 

degradation of a compound by light. Light can be emitted from the sun, or by lamps, 

usually set to emit UV light, in an engineered environment. Wastewater treatment plants 

use UV light as part of advanced oxidation processes to degrade compounds before 

discharging effluent into the environment.36 There are two main pathways of photolysis, 

direct and indirect. Direct photolysis occurs when the compound of interest is capable of 

absorbing the wavelengths emitted by the light source, whether it be the sun or UV 

lamps, and chemical transformation occurs due to the energy absorbed. Indirect 

photolysis occurs when the compound of interest cannot absorb the wavelengths emitted, 

but other species in the solution can and they become excited and react with the 
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compound of interest, leading to transformation. Both processes are shown in Figure 1-

3.37 Common species involved in indirect photolysis include triplet state dissolved 

organic matter (3DOM*), hydroxyl radicals (•OH), and singlet oxygen (1O2).
37 

 

Figure 1-3. Diagram of direct photolysis and indirect photolysis through 

photochemically produced reactive intermediates (PPRIs) from dissolved organic matter 

(DOM). 

 

Ground state dissolved organic matter (DOM) is capable of excitation to the 

singlet-state by the absorption of light. It then undergoes nonradiative relaxation through 

intersystem crossing or vibrational relaxation.37,38 This relaxation produces the triplet-

state which is longer lasting and capable of facilitating indirect photolysis. 3DOM* is also 

capable of producing other reactive intermediates. In the presence of oxygen, 3DOM* 

transfers energy to ground state oxygen (3O2), producing singlet oxygen (1O2).
39 

Singlet oxygen is an important environmental oxidant. It can be produced in from 

many pathways in varying media. It is produced from 3DOM*, but it can also be formed 
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through the particulate matter stirred up from road dust that reacts with oxygen in the 

atmosphere.40Another formation pathway is with common active ingredients in 

sunscreen, such as p-aminobenzoic acid (PABA).41 This suggests that it is ubiquitous in 

the environment, being produced from multiple pathways in both aquatic and 

atmospheric environments. One obvious limiting factor is that the environment must be 

oxic, such that it has a sufficient concentration of oxygen molecules to create 1O2.
42 

Another oxidant found in the environment is the hydroxyl radical (•OH). This 

reactive oxygen species is unselective and will react with organic pollutants with rate 

constants typically near diffusion limits (109 to 1010  M-1 s-1).43 Hydroxyl radicals are 

formed via multiple pathways. The photo-Fenton reaction creates •OH in the presence of 

ferric iron (Fe(III)) and light.44 Other formation pathways of •OH are the photolysis of 

H2O2, which splits into two •OH species (Figure 1-4), and the photolysis of the nitrate 

ion, which will also create •OH in water.45 Wastewater treatment facilities have used 

these formation mechanisms in advanced oxidation processes (AOPs) to remove organic 

pollutants.46 

Another species that can be produced during photolysis is the hydrated electron 

(eaq
-). This is a highly reactive and short-lived species, but it is important in the 

degradation of highly oxidized species. While oxidative reactants are important in 

degrading many compounds, eaq
- is capable of reducing highly oxidized species, such as 

PFAS.47,48 Like •OH, eaq
- can have reaction rates near diffusion limits. Due to the high 

selectivity of eaq
-, however, the rate constants may be much slower for some compounds. 

It was found that in general, rate constants range from 106 to 1010 M-1 s-1.49 Hydrated 

electrons are created by photolysis of sulfite (SO3
2-) at basic pH conditions, as shown in 
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Figure 1-5.50–56 It has been proposed to use this reaction as an advanced reduction process 

(ARP) for destruction of PFAS.48,57  

 

H2O2 + ℎ𝜈 → 2 • OH 

Figure 1-4. Reaction mechanism for •OH production form H2O2. 

 

 

 SO3
   2− + ℎ𝜈 → SO3

   − +  eaq
   −   

Figure 1-5. Reaction mechanism for eaq
- production from sulfite. 

 

Wastewater treatment facilities have adopted photolysis as a method of 

disinfection, with the knowledge that reactive intermediates, both oxidative and 

reductive, will also degrade organic pollutants that do not absorb in the wavelengths 

emitted by the UV lamps as an added benefit. UV is used to disinfect the effluent and 

obtain coliform levels below the legal requirement.5859 As knowledge increased in the 

photochemistry field, AOPs were adapted into WWTP operations.60 These could be as 

simple as adding ozone or hydrogen peroxide to the wastewater and irradiating it with 

UV light. These processes are meant to degrade organic pollutants to benign products. If 

a contaminant is already highly oxidized, AOPs may not be effective. ARPs were first 

proposed a decade after AOPs were implemented in wastewater treatment.57 Although 

these are not as popular as AOPs, ARPs can reduce highly oxidative and persistent 
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pollutants, and for this reason the addition of ARPs to water treatment is being 

considered.57  

The discharge of WWTPs into surface waters provides a source of organic 

pollutants.28 Photolysis occurs in the photic zone of surface waters and  degrades 

pollutants discharged from WWTPs. Another source of organic pollutants is from 

agricultural runoff. Again, photolysis is capable of degrading these agricultural 

compounds.31,61 It should be noted that even though photolysis occurs in surface waters, 

the process is often not fast enough to prevent pseudo-persistence of organic pollutants 

that are continually released into the environment.      

1.6 Environmental Impact of Anthropogenic Compounds 

 

It has been proven that pharmaceuticals and agrochemicals are present in surface 

waters. The occurrence of these compounds in surface waters may be of concern, 

especially if the compounds or their metabolites impact the environment, the organisms 

within the environment, or drinking water sources. The addition of fluorine as a single 

fluorine or as a trifluoromethyl group has been proven to increase the antimicrobial 

activity of compounds.34 One environmental concern is the antimicrobial resistance of 

microorganisms due to the release of antimicrobial drugs into the environment. Even 

though they are found in much lower doses than what is deemed effective treatment, 

selective pressure on microorganisms to develop or retain resistance to antimicrobial 

drugs may still occur.62 With the use of polymerase chain reactions (PCR), antimicrobial 

resistance genes from microbes in surface waters were found, providing evidence that 

microorganisms within the environment have resistance to antimicrobial drugs important 
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to human and animal treatment.63 One type of antimicrobial drug is the fluoroquinolone, 

which contains a single aryl fluorine.64 

Bioaccumulation is another concern with pharmaceutical release into the 

environment. To estimate the bioaccumulation potential of compounds, the octanol-water 

partition coefficient (Kow) is determined, the log-value must be greater than 3 to be 

considered to bioaccumulate, according to the Organization for Economic Co-operation 

and Development (OECD) guidelines. A dataset was created from the U.S. Food and 

Drug Administration (FDA) and top selling commercial pharmaceuticals from RxLists, 

this database contains 3193 compounds. It was found that 275 of these compounds have 

already been detected in the environment. Based on Kow calculations, 92 out of the 275 

compounds have the potential to bioaccumulate, some of which contain fluorine.65  

In rivers where pharmaceuticals were detected in the surface water, fish tissues 

were also found to have bioaccumulated these persistent compounds including 

venlafaxine, fluoxetine, and sulfamethazine, all common pharmacuticals.66 Hand-in-hand 

with bioaccumulation is trophic magnification –organisms higher on the food chain will 

have higher concentrations of bioaccumulative compounds. This is not the case for many 

pharmaceuticals found in surface waters. In fact, for pharmaceuticals, trophic dilution 

often occurs. This phenomenon is not fully understood but some hypothesize that larger 

organisms may be able to metabolize the drugs and excrete them from their system.67  

Bioaccumulation of non-pharmaceutical anthropogenic compounds also occurs. 

As previously mentioned, PFAS are being found in animal tissues across the world.26 

Additionally, pesticides such as fipronil, a fluorine containing compound used mostly for 

flea treatment in pets, was detected in rainbow trout. It was noted that the 
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bioaccumulation seemed to not have any health effects on the trout.68 Earthworms in 

agricultural fields were studied for bioaccumulation of pharmaceuticals, personal care 

products, sterols, and other anthropogenically sourced compounds. The presence of these 

compounds was derived from either biosolid or swine manure application to the soil. The 

concentrations of the targeted compounds were below the limits of detection in the soil, 

but within the worms, they were higher and detectable. By definition, bioaccumulation of 

anthropogenic compounds is occurring in earthworms.69 Another study looked at 

duckweed’s ability to bioconcentrate fluorinated compounds as a removal method from 

surface waters. It was found to be effective, but the duckweed has to be removed before it 

decomposes to prevent re-release into the water.70  

Transformations of anthropogenic compounds can be either be advantageous or 

not, depending on the identity and toxicity of the transformation products. Some 

transformations lead to benign products, while other transformation products may be 

more harmful than the parent. This is the case for tonalide and galaxolide, two common 

musk compounds used in fragrances of personal care products. The parent compounds 

are not toxic, but transformations in WWTPs create products, that, at low concentrations, 

are toxic.71 It has been proven that trifluoroacetic acid (TFA) is formed from certain 

fluorinated pharmaceuticals during the UV/ozonation process at WWTPs. It was noticed 

that the concentration of TFA in rivers in Germany was higher than expected, (>100 

µg/L). It was found that in WWTPs, the highest percentage of TFA formation on a molar 

basis were from pharmaceuticals with a trifluoromethyl group attached to a benzene ring 

(Ar-CF3). This small and polar transformation product passes though most WWTPs and 

flows into surface waters.72 This was thought to be the reason for the high concentration 
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of TFA in German rivers. TFA was not found to be a large concern in an environmental 

risk assessment, with little concern for human health at the concentrations being detected 

in surface waters.73 It should, however, be noted that TFA has little to no degradation 

pathways in the environment and can accumulate.74      

1.7 Common Fluorinated Pharmaceuticals and MRI Agents 

 

 Fluoxetine, better known as Prozac, is one of the best-selling drugs on the 

market.11 It contains a trifluoromethyl group bound to a benzene ring. The photolysis of 

this compound has been well studied, but the degradation pathway is still unclear. Until 

recently, the formation of TFA from the photolysis of fluoxetine was not known. New 

studies are showing the formation of TFA and proposing mechanisms for its formation 

(Figure 1-6).75 Other photoproducts contain the original motif, while mineralization of 

fluorine also occurs, generating fluoride.76 Exact mechanisms of fluorinated photoproduct 

formation are unclear.  
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Figure 1-6. Proposed mechanism from Tilser et al. of the photochemical 

formation of trifluoroacetic acid (TFA) from the parent compound, 

fluoxetine.75  

 

 

Atorvastatin, commonly known as Lipitor, is another one of the best-selling 

pharmaceuticals on the market.11 It also has a fluorine motif, a single fluorine bound to a 

benzene ring. Due to only having a single fluorine, TFA formation from photolysis is not 

possible. This compound is not as well studied as fluoxetine, but the rate constants for 

reaction with •OH, 1O2, and 3DOM* have been calculated. Direct photodegradation does 

not happen at a relevant rate due to atorvastatin not absorbing wavelengths present in 
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sunlight. It was found that 3DOM* and 1O2 are capable of facilitating indirect 

photodegradation.77     

Ciprofloxacin, commonly known as Ciprobay, is another of the top selling 

pharmaceuticals.11 Ciprofloxacin is part of the fluoroquinolone class of drugs, used for 

their antibiotic properties.78 The fluorine motif of this drug is similar to that of 

atorvastatin, a single aryl fluorine on a benzene ring. Direct and indirect photolysis of 

ciprofloxacin has been studied, and direct photolysis occurs rapidly. Addition of H2O2 to 

study the indirect photolysis with •OH does not increase the rate of photolysis.79 Many of 

the photoproducts resemble the parent compound and maintain the aryl fluorine, but 

fluoride was detected, suggesting that mineralization pathways do exist. It was found that 

the main pathway of fluoride formation was by replacing the fluorine atom with an 

alcohol group.80,81 Due to the widespread use and stability of fluoroquinolones, release 

into the environment is inevitable but different wastewater practices could lead to lower 

concentration.82 

19F-MRI is a relatively new technique used in medicine, first applied in the 

1970s.83 Highly fluorinated compounds are given to patients, which eventually reside in 

targeted tissues. Two common 19F-MRI agents are perfluoroctyl bromide and perfluoro-

15-crown-5-ether.84 The many fluorine atoms on these agents are necessary to obtain a 

strong signal resonance. The use of fluorine is appealing to MRI operators due to the low 

background noise. The concentration of fluorine within the human body is relatively 

negligible, allowing for little to no background signal. Thus, the only signal detected by 

the MRI is from the agents injected into the patient. Nanoemulsions of these highly 

fluorinated MRI agents are made so that the hydrophobic MRI agent has a hydrophilic 
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barrier surrounding it, allowing for it to move throughout human tissues. The main 

pathway of removal from the body is through exhalation.85,86 These compounds are 

highly oxidized and resistant to degradation within the body. ARPs, however, could 

prove useful in degrading these compounds. 

1.8 Nuclear Magnetic Resonance  

 

Study of product formation from fluorinated pharmaceutical and agrochemicals in 

aqueous environments of is of importance because fluorine used in these industries is 

relatively new, and pathways of organic fluorine removal in the environment are not well 

studied. Thus, fluorinated products formed via degradation of these compounds may pose 

unforeseen consequences. To better understand these fluorinated compounds in the 

environment, reliable detection methods must first be established. Nuclear magnetic 

resonance (NMR) is a tool which chemists use to help identify chemical structures of 

compounds. It can only detect one nucleus at a time. For example, 1H-NMR can only 

detect all the hydrogen atoms on a compound. By applying a magnetic pulse, all the 

magnetically active nuclei align in the same pattern. Then when the magnetic pulse stops 

the nuclei relax into ground state. During this relaxation the NMR picks up the 

frequencies emitted from the nuclei, which vary based on each nuclei’s surrounding 

chemical environment.87 One limitation of NMR is that it can only detect NMR active 

nuclei and to be NMR active, nuclei must have an odd number of neutrons, protons, or 

both. The use of isotopes with odd numbers of neutrons are used to synthesize 

compounds so that they can be analyzed by NMR. The most common being 13-carbon. 

Hydrogen (or proton) NMR detects the hydrogen atoms on molecules because hydrogen 

contains only one proton.  
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Advanced NMR analysis provides greater detail of a compound’s conformation 

and structure. Advanced NMR techniques include correlating the magnetization of two if 

the same (homonuclear) or two different (heteronuclear) NMR active nuclei on the same 

compound (2-D NMR). A correlation between these signals is made in such a way that 

allows for identification of bonds and interactions between specific atoms in the 

molecule.88 Two of the more common 2-D NMR experiments are 1H-1H and 1H-13C. 1H-

13C and 1H-1H 2-D NMR experiments were used to obtain the exact structure of unknown 

polycyclic aromatic hydrocarbons (PAHs),89 demonstrating that NMR can be used to 

identify unknown compounds.  

The use of fluorine in NMR is possible because the 19F isotope has 9 protons. It is 

also 100% abundant, which is critically important and gives fluorine NMR a large 

advantage over NMR analyses of other nuclei. Any compound containing fluorine will be 

detected in an 19F-NMR spectrum. The spectra also have a larger spectral range than 1H-

NMR, and due to the fact that fluorine has 9 electrons, the sensitivity to the chemical 

environment is higher than that of hydrogen, which only has one electron. Compounds 

with similar local fluorine environments will have similar shifts in the NMR spectra. 

Effects on the fluorine spectra, however, can be felt from 7 bonds away.90 This long-

range effect on fluorine means that overlap in spectra will only occur if the compounds 

are extremely similar.     

Signal optimization for NMR is done on a molecule to molecule basis. Every 

molecule takes time (T1) to relax back to its original state after being aligned by the 

magnetic pulse. Using the delay time (D1) function, the operator can ensure that there is 

enough time between scans for the molecules to completely relax, thus giving the best 
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signal to noise ratio (S/N).91 The T1 time of a molecule is found using a single-scan 

inversion recovery (SSIR) method. This method magnetically inverts the sample with a 

180-degree pulse, then after varying delay time, will pulse again at 90 degrees and 

acquire the data. Performing these multiple times will give a spectrum with signals that 

are inverted and upright, with varying S/N. When the signal is upright and has the highest 

S/N, the T1 time has been found.92 The D1 and T1 times do not always have to match. For 

instance, if quantification and S/N are not an issue and only detection of a compound is 

needed, the D1 time can be smaller such that the spectra will still show the compound but 

not with the highest S/N possible. This reduces analysis time. Additionally, the T1 and D1 

time do not need to match and can be optimized for efficiency with the use of the 

acquisition time (AT). Once the magnetic pulse is stopped, the molecules start to relax, in 

order to be quantitative, enough time must be given for the nucleus to completely relax. 

The AT is how long the NMR acquires data for after the pulse stops and is counted 

towards T1. By adding the AT and the D1 to equal the T1, optimization for analysis time 

is accomplished.93 

Quantification of chemical concentrations using NMR is possible though the use 

of standards with known concentration. There are, however, issues with the use of 

standards. They dilute the sample creating smaller signals, they may react with the matrix 

of the sample creating different products and signals, and the standard chosen may 

potentially be a product of a reaction and so any chance of monitoring that product is no 

longer available. These issues are overcome using a capillary tube containing the 

standard and a careful selection of the standard. The use of a capillary tube for a standard 

has been adopted and is a viable way to obtain quantitative information from NMR 
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spectra.94,95 Analogous to the Beer-Lambert law, the signal is proportional to the 

pathlength. Thus, the ratio between the smaller capillary tube containing the standard to 

the larger NMR tube must be known.94 The use of this ratio on the signal of the standard 

will allow for an accurate reference peak and an accurate quantification. Generating 

quantifiable NMR spectra adds complexity to the NMR process but provides useful 

information from the analysis.      

1.9 Application of NMR to Environmental Samples 

 

Measurement of chemicals in the environment encompasses a broad range of 

compounds in various matrices, including groundwater, wastewater, soils, sediments, and 

air. Accurately analyzing these compounds is of utmost importance. Many types of 

instrumentation and are able to isolate compounds of interest in the various media. 

Sample preparation for analysis can be complex and may only select for certain 

compounds. In many cases, knowledge of what compounds are in the sample is necessary 

to select the correct type of sample preparation. NMR is an instrument that requires little 

to no sample preparation to study environmental samples across all types of media.96 This 

in turn eliminates sample preparation bias found in other types of instrumental analysis. 

NMR techniques are applicable to all NMR active nuclei, which include 1H, 13C, 19F, 31P, 

14N, 111Cd, 195Pt, 199Hg, and many more. Due to the large number of active nuclei, NMR 

is able to detect organic contaminants, organic matter, inorganic contaminants, and heavy 

metals, providing a powerful technique in environmental analysis. NMR analysis already 

has a strong presence in industrial settings. From 1980 to 2016, the number of 

publications using 19F-NMR increased from roughly 5,000 to 35,000, following the same 
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trend of the use of fluorine in synthetic commercial compounds.97 This technique, 

however, has seen limited use in environmental applications.98 

Perhaps the most popular uses of NMR with environmental samples is the study 

of organic matter. Although the use of 19F-NMR is not common in organic matter 

analysis, the same technique applies if it were to be used. The use of NMR on soil 

organic matter is done so that scientists can better understand its structure and 

environmental processes.99,100 Soil has previously been described as “the most complex 

biomaterial on earth.” With the use of NMR techniques, critical information about this 

complex material can be studied.101 Organic matter samples have varying amounts of 

hydration. Ranging from solid sediment cores to dissolved water matrixes. The hydrogen 

from water can create an unwanted peak in the spectra. Due to advances in the water 

suppression technique during NMR acquisition, no additional drying is required for 

analysis. This parameter suppresses the proton signal from the water which the sample is 

often dissolved in. Allowing for accurate analysis with 1H-NMR without having to dry 

the sample.102 The simplicity of the sample preparation for NMR analysis is a great 

appeal for use of the instrument. At most, sample preparation consists of addition of 

hydrofluoric acid to dissolve and reduce paramagnetic elements that may decrease the 

resolution of the spectra.96,99  

Other studies have used 19F-NMR to study sorption of fluorine-containing 

pollutants to organic matter and other minerals. Focusing on the contaminant rather than 

the organic matter. With the increase used of fluorine in anthropogenically derived 

compounds, the fluorine probe on the NMR has become a simple way for detection of 

these compounds.14,16 Environmental samples are complex, with organic matter, 
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metabolites, biomolecules, and microbes present. Organic fluorine is not abundant in 

these environmental samples, and thus the background noise when using 19F-NMR is 

minimal.3,103  

An example is the study of the herbicide trifluralin. Using 19F-NMR instead of 13C 

or 15N- NMR enables tracking of trifluralin in a matrix containing organic matter.103 This 

study took various soil organic matter samples and was able to determine if and how 

sorption of trifluralin happens. Ultimately, it was found that trifluralin covalently bonds 

to the soil, and that the soil type is important for the sorption efficiency and formation of 

metabolites. By using NMR, it was determined that some soils did not degrade the parent 

compound at all while other soil types completely transformed the parent into various 

metabolites. Line broadening in NMR spectra is a sign that the corresponding compound 

is covalently bonded to something in the matrix.104 In the study with trifluralin, the 19F 

peak was broadened after being exposed to the soil organic matter, suggesting that 

covalent bonding was the mechanism of sorption to the tested soils.103 

Other studies have investigated the sorption of the fluoride ion to clay minerals. 

Using solid state 19F-NMR, it was determined that a small portion of fluoride was 

substituted for hydroxyl groups on kaolinite while most of the fluoride was adsorbed to 

the aluminum on the surface of the mineral. Specific shift ranges were found for silicon-

fluorine bonds, none of which were present in the sorption experiments, indicating that 

fluoride and silicon do not interact with each other in the sorption process.105 Shifts in the 

NMR spectra, although sometimes small, provide useful information on changes in 

chemical environments. Hydrogen-bond interactions have large effects on 19F-NMR 

spectra, which provides structural information about fluorinated substances.106 
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19F-NMR is a useful tool to quickly analyze samples for detection of compounds 

that contain the fluorine atom. Even though the simplicity of the NMR is appealing for 

environmental analysis, few peer-reviewed experiments have used this technology. One 

study looked at two different and independent methods for detection of perfluorinated 

compounds in surface water after a spill of these compounds occurred and released them 

into the environment. Liquid chromatography mass spectrometry (LC-MS) and 19F-NMR 

methods were made for detection and quantification. Comparison of results between the 

two methods showed that 19F-NMR was a viable technique for environmental sampling 

for fluorinated compounds. It was noted that the detection limit for the NMR was much 

higher (10 µg/L) than the LC-MS, giving the LC-MS an advantage over the NMR 

technique. The advantage of the NMR was that it was less expensive, easier to use, had 

well resolved peaks for quantification, and there were no matrix effects due to the lack of 

other sources fluorine in the water sample. It should be noted that in the water samples 

taken near agricultural fields, there were other organic fluorine sources found in the NMR 

spectra. These fluorinated compounds did not affect the spectra of the contaminant of 

interest because the sharp and well resolved peaks did not overlap. Another advantage of 

the NMR is not needing chromatography to separate molecules for analysis, which can 

sometimes prove difficult.107  

The use of 19F-NMR was also used for the detection and quantification of 

fluorinated acids in rainwater, including trifluoroacetic acid. Gas chromatography-mass 

spectroscopy (GS-MS) was used to verify the NMR analysis. The 19F-NMR analysis of 

the environmental samples matched the concentrations found with the GC-MS, further 
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proving that 19F-NMR can be used to both identify and quantify compounds in 

environmental samples.108 

1.10 Goals and Outline of Thesis 

 

 The primary goal of this thesis is to detect a variety of fluorinated photoproducts 

produced upon direct photolysis of pharmaceuticals and reactions of these 

pharmaceuticals with ·OH and eaq
-. The aromatic motif was studied in detail with six 

model compounds. Three fluorophenols with the aryl fluorine at the ortho, meta, or para 

positions as well as three trifluoromethylphenol with the trifluoromethyl group bonded at 

the ortho, meta, or para position were studied. This was done to determine if the motif 

type and position influences photoproduct formation. Along with the six model 

compounds, two pharmaceuticals were studied, fluoxetine (Prozac) and sitagliptin 

phosphate (Januvia), both of which contain aromatic fluorine motifs. Fluoxetine contains 

an aromatic trifluoromethyl group (Ar-CF3) while sitagliptin contains a trifluoromethyl 

group on a pyrazole ring (Py-CF3) as well as three aryl fluorine atoms (Ar-F). All eight 

compounds were studied in various aqueous conditions, including pH values at circa 5, 7, 

and 10. Additionally, the pharmaceuticals and trifluoromethylphenols were studied in 

conditions with hydrogen peroxide and with sulfite, to mimic the AOPs and ARPs that 

water treatment facilities use. A secondary goal of this thesis is to create a robust 19F-

NMR method so that quantification of both the parent compound as well as any unknown 

fluorinated products can be accurately made.    

 Reaction rate constants under the tested conditions are measured. Additionally, 

the 19F-NMR spectra of each compound of interest is shown both pre and post reaction to 

quantify the amount of fluorine in the photoproducts. Comparisons between the model 
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compounds are made to better understand the fluorinated photoproduct formation as it 

relates to motif and position of fluorine on the molecule. Comparisons between pH, AOP 

and ARP experiments are made to determine if differences in the matrix affect 

fluorinated photoproduct formation. Additionally, the use of LC-HRMS is used to 

determine the structure of fluorinated products, because the 19F-NMR is not capable of 

determining chemical structure from fluorine resonances alone.   
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Chapter 2 Photolysis of Fluorinated Model Compounds and Pharmaceuticals  

 

2.1 Introduction 

 

Since the first fluorinated drug was approved for use in 1955, the application of 

fluorine in the pharmaceutical industry has consistently increased.10 In 2018, 17 new 

fluorine-containing drugs were approved by the FDA, the highest number ever.9 

Agrochemicals have also experienced an increase in fluorine application. As of 2010, 

50% of fungicides, herbicides, and pesticides contain the fluorine atom.14 Fluorine 

incorporation changes the physiochemical properties of the molecules to which it is 

attached to. These properties include thermal and metabolic stability, change in pKa, 

change in lipophilicity and polarity, and increase in cell permeability.14 Fluorine can be 

attached to molecules with various chemical motifs. Some of the most common motifs 

include the aromatic trifluoromethyl group (Ar-CF3), aryl fluorine (Ar-F), pyrazole ring 

trifluoromethyl group (Py-CF3), and aliphatic fluorine (R-F). These motifs vary in their 

number of total fluorine atoms. Typically, there is either a single fluorine or a group of 

three in the form of a trifluoromethyl group.  

The physiochemical properties drug developers seek using fluorine result in a 

more persistent environmental pollutant. Fluorination adds thermal, metabolic, and 

oxidative stability to the molecule, making it more persistent than its non-fluorinated 

counterparts.14,21 Due to the limited occurrence of natural organic fluorine, pathways for 

biotic degradation are minimal.1,2 Abiotic degradation pathways do exist. Direct and 

indirect photolysis can occur depending on the light absorbance of the molecule and the 

composition of the aqueous matrix. Water treatment facilities have adopted ultraviolet 

radiation coupled with advanced oxidation practices (AOPs) for disinfection, and 
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advanced reduction practices (ARPs) have been proposed to degrade oxidized 

contaminants.57,58,60 These same practices can degrade various fluorinated compounds.46 

Although the parent molecule may degrade in these processes, organic fluorinated 

photoproducts may form and could be cause for concern.  

Trifluoroacetic acid is produced from the photolysis of fluoxetine, a common 

fluorinated pharmacutial.75 Due to the large variety of fluorinated pharmaceuticals and 

agrochemicals, identifying every fluorinated photoproduct is difficult. Model compounds 

representing different fluorine motifs can be studied as a proxy to compounds with the 

same motif. Determining fluorinated photoproducts from various fluorinated motifs 

allows better prediction of the photochemical fate of fluorinated compounds. The Ar-F 

and Ar-CF3 motifs were studied with fluorinated phenol model compounds. The fluorine 

motif was either positioned at the ortho, meta, or para position on the phenol (Figure 2-1). 

Photodegradation occurred and fluorinated photoproducts were analyzed. Fluoxetine, 

with the Ar-CF3 motif and sitagliptin, with the Ar-F and Py-CF3 motifs, were also 

photolyzed. The fluorinated photoproducts from these compounds were analyzed and 

compared to the model compound photoproducts. Photolysis experiments were conducted 

at pH 5, 7, and 10. To mimic AOPs and ARPs, H2O2 was used at pH 7 to produce •OH 

and SO3
-2 was used at pH 10 to produce eaq

-. 
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Figure 2-1. Structure of model compounds (a-f) and pharmaceutical 

compounds (g and h) used in this study. Model compounds vary in the 

position of the fluorine motif. Fluoxetine (g) has an Ar-CF3 motif and 

sitagliptin (h) has three Ar-F motifs as well as a Py-CF3 motif.  

  

19Fluorine-nuclear magnetic resonance (19F-NMR) techniques for quantification 

are accurate and useful for dealing with similar fluorinated compounds in a single sample 

when compared to GC-MS and LC-MS.107,108 Use of 19F-NMR allowed for fluorinated 

photoproducts to be quantified without chromatography methods. Structural information 

was also obtained from the 19F-NMR analysis by studying the shift and geometry of the 

photoproduct peaks. Trifluoroacetic acid and fluoride had unique NMR shifts and peak 

geometry and were able to be identified as photoproducts. LC-HRMS was also used to 

verify fluorinated photoproducts that match the motifs of the 19F-NMR spectra. 
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2.2 Experimental Methods 

 

2.2.1 Chemicals and Reagents 

Fluoxetine HCl (pharmaceutical secondary standard), sitagliptin phosphate 

(pharmaceutical secondary standard), 2-fluorophenol (98%), 3-fluorophenol (98%), 4-

fluorophenol (99%), 2-hydroxybenzotrifluoride (97%), 3-(trifluoromethyl)phenol (99%), 

4-trifluoromethyl(phenol) (97%), trifluoroacetic acid (99%),and methanol (>99.9%) were 

purchased from Sigma-Aldrich. Hexafluorobenzene (HFB; >99.0%) was purchased from 

Tokyo Chemical Industry. Sodium sulfite anhydrous (99.2%) and boric acid (analytical 

reagent grade) were purchased from Mallinckrodt. Sodium phosphate monobasic 

monohydrate (certified ACS grade), ortho-phosphoric acid 85% (HPLC grade), sodium 

hydroxide (50% w/w), and 2-propanol (HPLC grade) were purchased from Fischer 

Chemical. Sodium phosphate dibasic anhydrous (ACS grade) and acetonitrile (HPLC 

grade) were purchased from J.T. Baker. Deuterium oxide (99.9%) was purchased from 

Cambridge Isotope Laboratories Inc. Hydrochloric acid was purchased from BDH 

Aristar. Ultrapure water (18.2 MΩ•cm) was produced by a Milli-Q Academic system 

(Millipore).  

2.2.2 Sample Preparation 

Stock solutions of fluoxetine, sitagliptin, 2-fluorophenol, 3-fluorophenol, 4-

fluorophenol, 2-hydroxybenzotrifluoride, 3-(trifluoromethyl)phenol, 4-

(trifluoromethyl)phenol were made at or near 1 mM concentration in either MilliQ water 

or methanol, depending on the solubility limits of each compound, and stored at 4 °C. A 

0.5 M stock solution of sodium sulfite in pH 10 boric acid buffer was prepared and stored 

in the dark.   
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Acetate (pH 5), phosphate (pH 7) and borate (pH 10) buffers, each at 10 mM, 

were prepared and used in direct photolysis experiments. The compound of interest was 

diluted into the buffer matrix for a final concentration of 10 µM. To study the 

degradation due to hydroxyl radicals (•OH), 1 mM hydrogen peroxide was added into the 

pH 7 buffer matrix. Sodium sulfite (0.5 mM) was added into the pH 10 buffer matrix to 

study the degradation due to hydrated electrons (eaq
-).50–55  

2.2.3 Photolysis Experiments   

 Irradiation was performed using a mercury vapor lamp apparatus consisting of a 

450-Watt UV immersion lamp, a quartz immersion well with cooling water circulating 

through it, and a Pyrex 7740 absorption sleeve with a cutoff value of 280 nm (Ace Glass). 

A carousel was placed around the lamp such that vials were rotated around the lamp in 

the center to ensure similar light exposure for all the vials.  

The compounds of interest at a concentration of 10 µM in a pH 5 acetate buffer, 

pH 7 phosphate buffer, pH 10 boric acid buffer, pH 7 phosphate buffer with 1 mM 

hydrogen peroxide, or pH 10 boric acid buffer with 0.5 mM sodium sulfite were poured 

into two quartz test tubes, one of which was wrapped in aluminum foil and used as a dark 

control. Samples were capped with rubber stoppers and placed in the carousel. Each 

experiment was performed in triplicate, for a total of three irradiated samples and three 

dark control samples.  

2.2.4 High Pressure Liquid Chromatography (HPLC) 

 A minimum of 5 timepoints including a zero timepoint were taken for analysis 

using HPLC. Before irradiation, an aliquot was taken from each of the quartz test tubes 

and placed into amber HPLC vials for the initial unphotolyzed sample. Additional 
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aliquots were subsequently taken at later timepoints and placed into amber HPLC vials 

for analysis. The volume of each aliquot was 330 µL, enough for the injection needle to 

pull up 50 µL of sample. To quench the hydrolysis of the trifluoromethylphenols and 

fluorophenols in the pH 10 boric acid buffer, 4.0 µL of 1 M HCl was added into the 

HPLC vial with the sample aliquot. The minimum exposure for degradation of each 

compound of interest was set at two half-lives.  

An Agilent 1100 series HPLC with a variable wavelength detector was used for 

analysis. An ultraviolet absorbance spectrum of each compound of interest was taken on 

a spectrophotometer to best choose a detection wavelength (Appendix A). Some 

compounds had products that were detectable at the same wavelength as that monitored 

for parent compound. Methods were optimized to separate any products from the parent 

peak. The conditions for each method are shown in Table 2-1.  
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Table 2-1. Agilent 1100 series HPLC conditions for each compound of interest. The pH 

3 phosphate buffer is at a concentration of 10 mM and has a ratio of 9:1 of buffer to 

ACN.  

Compound Mobile Phase Detection 

Wavelength 

(nm) 

Column Flow Rate 

(mL/min) 

Fluorophenols ACN: pH 3 phosphate 

buffer 

 

210 Eclipse 

XDB-C18 

3.5 µm 

4.6 × 150 

mm  

1.0 

Trifluoromethyl- 

phenols 

ACN: pH 3 phosphate 

buffer 

 

 

 

220 Eclipse 

XDB-C18 

3.5 µm 

4.6 × 150 

mm  

1.5 

 

Fluoxetine HCl 

 

ACN: pH 3 phosphate 

buffer 

 

 

 

230 

 

Eclipse 

XDB-C18 

3.5 µm 

4.6 × 150 

mm  

 

1.0 

Sitagliptin 

Phosphate 

ACN: pH 3 phosphate 

buffer 

 

 

210 Eclipse 

XDB-C18 

3.5 µm 

4.6 × 150 

mm  

1.0 

 

2.2.5 19F-Nuclear Magnetic Resonance (NMR) 

Wilmad 7-inch class A glass 500 MHz NMR tubes were used for analysis. All 

aqueous NMR samples contained 9% D2O (v/v) by injecting 50 μL of deuterium dioxide 

into the NMR tube. To prepare the final NMR samples (535 μL total volume), 485 μL 

aliquots were taken from the quartz test tubes at desired time points and pipetted into the 

NMR tube. In the case for the trifluoromethylphenols and fluorophenols in the pH 10 

matrix, an additional 6 µL of 1 M HCl was added to the NMR tube to prevent hydrolysis, 

for a total volume of 541 µL. Samples included, a time-zero unphotolyzed sample and a 
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sample at the completion of photolysis. HFB, enclosed in a sealed melting-point capillary 

tube, was used as an internal standard, and placed inside the NMR tube.  

A 600 MHz Avance Neo NMR equipped with a 5 mM three channel TCI inverse 

cryoprobe for 19F NMR spectral acquisition was used to determine and quantify the 

fluorinated parent compound and any fluorinated products from the photolysis 

experiments. Experimental parameters were determined to maintain a sufficient signal to 

noise ratio for accurate and reproducible quantitative measurements. Parameters included 

number of scans, pulse angle, and optimized delay and acquisition times. Additional 

parameters are shown in Table 2-2. For further explanation of these parameters, see 

Appendix B. Spectra were obtained without 1H decoupling.  

HFB was used to calibrate the axis of the NMR spectra and quantify the fluorine 

in each sample. HFB was chosen due to the presence of 6 magnetically equivalent 

fluorine atoms, yielding a sharp singlet peak in the NMR spectra. It was also assumed 

that HFB would not be a product of any of the compounds of interest, meaning there 

would be no overlap in the spectra. The 19F-NMR resonance corresponding to HFB is at  

-164.9 ppm.97 By setting the HFB peak to this value, the axis for all the fluorine products 

in the sample was calibrated to the correct value. 
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Table 2-2. Parameters of NMR analysis, some values are rounded due to the relationship 

between the parameters.  

Parameter Value Unit 

Pulse Angle     90 [degrees] 

Size of FID (TD) 

 

Number of Dummy Scans (DS) 

 

Loop Count (TD0) 

68180 

 

4 

 

1 

[ ] 

 

[ ] 

 

[ ] 

 

Number of Scans (NS) 1024 [ ] 
 

Sweep Width (SW) 201 [𝑝𝑝𝑚] 

Acquisition Time (AQ) 

 

FID Resolution (FIDRES) 

 

Filter Width (FW) 

0.3 

 

0.33 

 

2.4×108 

[𝑠𝑒𝑐𝑜𝑛𝑑𝑠] 
 

[Hz] 

 

[Hz] 

 

Delay (D1) 4.0 [𝑠𝑒𝑐𝑜𝑛𝑑𝑠] 
 

Receiver Gain (RG) 101 [ ] 

Dwell Time 4.40 [µ 𝑠𝑒𝑐𝑜𝑛𝑑𝑠] 
   

 

The HFB standard was prepared at a concentration of 100 µM in 2-propanol and 

pipetted into melting-point tubes to a height that would fit the window of the NMR tube 

for data acquisition. This technique was used in previous NMR studies.95,97 To seal the 

end of the melting-point tube, it was placed over a Bunsen burner flame and the open tip 

was pulled until it came off the tube, sealing it. This allowed for the standard to be taken 

out of the NMR tubes and reused. To account for the concentration of HFB in the smaller 

diameter melting point tube, a ratio between the fluorine atoms in the melting-point tube 

versus the fluorine atoms in the NMR tube was found, allowing for comparison between 

the standard and the sample.94 For this, 500 µL of 100 µM trifluoroacetic acid (TFA) in a 
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ratio of 9:1 MilliQ water to deuterium oxide was pipetted into the NMR tube and the 

melting-point tube containing the HFB standard was placed in the NMR tube, bringing 

the total volume to roughly the equivalent of 550 µL. The ratio between single fluorine 

atoms was found by solving for ISratio in Equation 2-1. With TFA and HFB having the 

same concentration of 100 µM, the [TFA] and [HFB] variables cancel out. TFA has three 

fluorine atoms and HFB has six, which further simplifies the equation for the ISratio, 

shown in Equation 2-2. The TFA sample with the HFB standard was run three times, 

taking an average for the final ratio.  

𝐴𝑟𝑒𝑎𝑇𝐹𝐴

[𝑇𝐹𝐴]∗𝑇𝐹𝐴#𝐹 
=

𝐴𝑟𝑒𝑎𝐻𝐹𝐵∗𝐼𝑆𝑟𝑎𝑡𝑖𝑜

[𝐻𝐹𝐵]∗𝐻𝐹𝐵#𝐹
                                               Equation 2-1 

𝐼𝑆𝑟𝑎𝑡𝑖𝑜 =
2∗𝐴𝑟𝑒𝑎𝑇𝐹𝐴

𝐴𝑟𝑒𝑎𝐻𝐹𝐵
                                                         Equation 2-2 

 

Each HFB standard ratio was different as shown in Table 2-3, because each 

melting point tube had a slightly different inner diameters, leading to a different cross-

sectional area for NMR analysis. This difference led to variable ISratio values. Each 

standard was individually labeled and stored at room temperature. A standard was placed 

in the NMR tube as described in Appendix B. After every use, both melting-point and 

NMR tubes were rinsed with methanol so that no residual fluorine remained on the tubes. 
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Table 2-3. NMR HFB internal standard ratios and errors. 

HFB Standard ISratio % ERROR 

I 10.89 0.64 

II 8.14 1.15 

III 11.98 0.44 

IV 8.10 0.70 

V 10.12 0.73 

VI 8.96 0.33 

VII 11.63 0.80 

IIX 12.19 0.74 

IX 10.56 0.83 

 

Bruker Topspin 4.0.7 was used to analyze the NMR spectra. A spectral window of 

201 ppm with offset of -100 (O1P) was set in the acquisition parameters to capture the 

broad range of fluorine resonances.  First, the spectrum with the HFB standard resonance 

was phased, and the baseline corrected. Next, the spectrum was referenced according to 

the HFB resonance and set to -164.9 ppm. The HFB resonance was then integrated. 

Every additional experimental resonance in the spectrum was then individually brought 

into phase, baseline adjusted, and integrated. The integration values with their 

corresponding shifts were copied into Microsoft Excel for analysis. 

   Each integration value was converted into moles of fluorine by the HFB internal 

standard with Equation 2-3 and solving for the unknown amount of fluorine using 

Equation 2-4. All other variables are known constants with [HFB] being 100 µM, HFB#F 

being 6, and the areas of HFB and the peak being the integration values, the ISratio for a 

given melting point tube was previously found with Equation 2-2.   
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 (
𝐴𝑟𝑒𝑎𝑝𝑒𝑎𝑘

[𝐹𝑢𝑛𝑘𝑛𝑜𝑤𝑛]
) =

𝐴𝑟𝑒𝑎𝐻𝐹𝐵∗𝐼𝑆𝑟𝑎𝑡𝑖𝑜 

[𝐻𝐹𝐵]∗𝐻𝐹𝐵#𝐹
                                               Equation 2-3 

[𝐹𝑢𝑛𝑘𝑛𝑜𝑤𝑛] = 𝐴𝑟𝑒𝑎𝑝𝑒𝑎𝑘 ∗ (
[𝐻𝐹𝐵]

𝐴𝑟𝑒𝑎𝐻𝐹𝐵∗𝐼𝑆𝑟𝑎𝑡𝑖𝑜
𝐻𝐹𝐵#𝐹

)                                   Equation 2-4 

After all peaks were integrated and converted into moles of fluorine, an additional 

calculation was made to correct for the dilution factor of the D2O. Equations 2-5 and 2-6 

show the simple calculation made, with M1 being the concentration calculated from the 

total volume, V1 being the total volume of 535 µL, V2 being the 485 µL of sample added 

in the NMR tube, and M2 being the unknown. For the case of trifluoromethylphenol and 

fluorophenol in the pH 10 matrix, V1 was 541 µL, accounting for the additional 6 µL of 1 

M HCl added to the time-zero NMR tubes, V2 remained the same. 

𝑀1𝑉1 = 𝑀2𝑉2                                                            Equation 2-5 

𝑀1𝑉1

𝑉2
= 𝑀2                                                                 Equation 2-6  

 A fluorine mass balance was conducted on the unphotolyzed and photolyzed 

samples after Equations 2-3 through 2-6 were applied to the spectra. Fluoride was 

sometimes present in the unphotolyzed sample (at -121.5 ppm). When this was the case, 

the amount of fluoride in the unphotolyzed sample was subtracted from both the 

photolyzed and unphotolyzed samples. Error in the mass balance was sometimes 

observed at roughly 20%, possibly because the photoproducts created were 

electromagnetically different from the parent compounds, such that different delay and 

acquisition times are required. Although these parameters were acceptable for the parent 

compounds, they may be either too long or too short for some of the photoproducts. 

Other factors include low signal to noise, especially on products that showed low 
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concentrations and were multiplets. Low S/N ratios lead to inaccurate quantification, it 

was demonstrated that a S/N ratio must be 150:1 or greater to obtain < 1% error.109 It was 

also shown that S/N ratios are directly related to concentration.110 Thus, if a parent 

molecule produces many fluorinated photoproducts, they may be at too low of 

concentration to obtain a large enough S/N ratio to perform accurate quantification. 

2.2.6 Liquid Chromatography-High Resolution Mass Spectrometry (LC-HRMS)   

For analysis on the LC-HRMS, sample preparation was similar to the HPLC 

samples. Using the HPLC amber vials, an initial unphotolyzed sample, a final photolyzed 

sample were taken. Samples from intermediate timepoints were taken if products were 

formed and degraded by the time photolysis was completed. Each vial had a total volume 

of 330 µL, enough for the 4 µL injection of the instrument. A blank sample consisted of 

only the aqueous matrix of the photolysis experiments.    

A Velos HRAM LC MS Orbitrap system equipped with a Luna C18 nano-column 

was used for mass spectrometry analysis. The mobile phase was a mixture of HPLC 

grade water and acetonitrile, both with 0.1% formic acid. The starting ratio was 98:2, 

water to acetonitrile, which switched to 2:98 water to volume was acetonitrile over the 

course of 33 minutes. The flow rate was constant at 0.1 mL/min. Injection volume was 

set to 4.0 µL and the typical detection rage was from a molecular weight of 100 to 800 

m/z. A smaller range was used for smaller molecules (e.g., phenols) which had a 

detection range of 65 to 300 m/z. The blank sample containing only the unspiked 

photolysis aqueous matrix was injected to obtain a baseline. Then the unphotolyzed and 

photolyzed samples were run on the instrument. Retention times, areas, and the most 

abundant ion masses of peaks were recorded. To be considered for analysis, the peak 



42 

 

must have an area greater than 15,000, and the peak must be 5 times greater than any 

corresponding peak in the blank and unphotolyzed sample. MS/MS fragmentation data 

was obtained for the most abundant ion masses of each peak that met these criteria. An 

online chemical formula calculator was used to generate possible chemical formulas of 

fragments and products and isotopic patterns were calculated from enviPat. Chemical 

structures matching these formulas were made in ChemDraw. Structures were made by 

using the parent compound as a starting point, then breaking bonds and adding atoms to 

obtain viable structures. Oxygen was the only atom allowed to be added to the structure. 

Levels of product identification are summarized in Table 2-4.  

Table 2-4. Levels of product identification with mass spectrometry.56 

Level Description 

1 Peak mass and retention are matched to a reference standard 

2a Matched peak mass to a spectrum in a library 

2b Matched largest mass and at least one fragment  

3 Exact mass match and matches MassFrontier  

4 Exact mass match 

5 No mass match, but a clear peak 

       

2.2.7 Reaction Kinetics 

Concentrations measured by HPLC were used to asses reaction kinetics. The 

unphotolyzed sample was taken as the initial value, C0 and first-order kinetics were 

applied by integrating Equation 2-7 with respect to time, t and solving for -kt.111  

     −
𝑑[𝐶]

𝑑𝑡
= 𝑘[𝐶]                  Equation 2-7       

    ln[𝐶] = ln[𝐶0] − 𝑘𝑡      Equation 2-8        

     ln
[𝐶]

[𝐶0]
= −𝑘𝑡       Equation 2-9        
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To calculate rate constants and 95% confidence intervals, regression of ln(C/Co) 

versus time was performed in Microsoft Excel. The upper 95% confidence interval was 

subtracted from the rate constant, yielding the total 95% confidence interval. A weighted 

average of the 95% confidence intervals from the replicates was taken for the final error, 

while the rate constants were averaged. Photolysis rate constants were found by 

subtracting the dark control hydrolysis rate constant from the total rate constant of the 

photolyzed sample. ln(C/C0) versus time plots were prepared in Orgin, error bars on the 

timepoints were calculated from the standard deviation of triplicate samples (Appendix 

A).   

 

 

2.3 Results and Discussion 

 

2.3.1 Photolysis of Trifluoromethylphenol Model Compounds 

 

 Photolysis and fluorinated photoproduct formation of the aromatic trifluoromethyl 

motif (Ar-CF3) were studied with ortho-, meta-, and para-trifluoromethylphenol model 

compounds. 2-TFMP photolysis was pH dependent, with the rate constant at pH 7 an 

order of magnitude faster than at pH 5 and the rate constant at pH 10 an order of 

magnitude faster than at pH 7 (Figure 2-2; Table 2-5). 3-TFMP had a 100-fold increase in 

rate constant at pH 10 compared to 5 and 7. The 4-TFMP rate constant increased with 

increasing pH. The addition of H2O2 increased the photolysis rate constants for each 

model compound while the addition of SO3
-2 did not dramatically affect the photolysis 

rate. Thus, AOPs are effective at increasing the degradation of Ar-CF3 motifs, while 

ARPs are not (Table 2-5). All other kinetic plots are shown in Appendix A.   
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Figure 2-2. Photochemical degradation plots of ortho-

trifluoromethylphenol (2-TFMP) with hydrolysis (□) and photolysis (■) 

rate constants of 0.01 ± 0.01 h-1 and 3.52 ± 0.07 h-1 in a 10 mM pH 5 

acetate buffer (a), 0.08 ± 0.03 h-1 and 26.37 ± 0.64 h-1 in a 10 mM pH 7 

phosphate buffer (b), 10.78 ± 28.57 h-1 and 334.09 ± 93.45 h-1 in a 10 mM 

pH 10 borate buffer (c), 0.22 ± 0.10 h-1 and 29.99 ± 1.47 h-1 in a 10 mM 

pH 7 phosphate buffer with 1 mM H2O2 (d), and 0.99 ± 1.62 h-1 and 

422.43 ± 9.38 h-1 in a 10 mM pH 10 borate buffer with 0.5 mM SO3
-2 (e). 

Error bars represent the standard deviation between triplicate samples 

taken on HPLC. Reported rate constant errors represent the average 95% 

confidence interval determined by regression statistics. Note the change in 

units along the x-axis.  

 



45 

 

Table 2-5. Photolysis rate constants for 2-,3-, and 4-trifluoromethylphenols (TFMP) 

using a 450-Watt UV immersion lamp with a 280 nm cutoff value and the corresponding 

hydrolysis rate constants found with dark control experiments in various aqueous 

matrices. The pH values were set by acetate, phosphate, and borate for pH 5, 7, and 10, 

respectively, and the pH for H2O2 and SO3
-2 were 7 and 10, respectively.  

Compound Matrix 
Photolysis        

 k (h-1) 

Hydrolysis 

k (h-1) 

2-TFMP 

pH 5 3.52 ± 0.07a 0.01 ± 0.01 

pH 7 26.37 ± 0.64 0.08 ± 0.03 

pH 10 334.09 ± 93.45 10.78 ± 28.57 

1 mM H2O2 29.99 ± 1.47 0.22 ± 0.10 

0.5 mM SO3
-2 422.43 ± 9.38 0.99 ± 1.62 

3-TFMP 

pH 5 2.72 ± 0.06 0.01 ± 0.01 

pH 7 3.27 ± 0.63 0.04 ± 0.04 

pH 10 207.9 ± 7.51 2.84 ± 2.08 

1 mM H2O2 7.80 ± 0.20 0.08 ± 0.08 

0.5 mM SO3
-2 225.83 ± 13.60 0.72 ± 0.41 

4-TFMP 

pH 5 0.02 ± 5.5×10-4  4.1×10-3 ± 3.6×10-4 

pH 7 0.10 ± 0.02 0.25 ± 0.01 

pH 10 1.58 ± 0.71 3.93 ± 0.57 

1 mM H2O2 6.85 ± 0.93 0.52 ± 0.18 

0.5 mM SO3
-2 2.38 ± 0.45 2.85 ± 0.39 

a Reported errors are 95% confidence intervals determined by a weighted average of 

triplicate samples. 

 

Fluorinated photoproduct formation from the Ar-CF3 model compounds varied 

with pH and position of the Ar-CF3 motif on the phenol, all fluorinated products formed 

are listed with shifts (ppm) and peak geometry in Table 2-6. 2-TFMP had one organic 

fluorinated product near the parent NMR shift (Product E), that occurred at pH 10 with 

and without the addition of SO3
2-. At pH 5, one organofluorine product was detected 

downfield (Product F). The only other fluorinated photoproduct formed was fluoride 

(Figure 2-3 and 2-4).  The single organic fluorine product at pH 10 and with the addition 

of SO3
-2 suggest that different mechanisms may occur under basic conditions. Some of 
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the fluoride peaks are broad and have two peaks, this could be due to the shimming of the 

NMR instrument or overlap with an organofluorine photoproduct.   

Table 2-6. 19F-NMR shifts of fluorinated products  

identified from photolysis of 2-, 3-, and 4-TFMP  

in pH 7, pH 10, 1 mM H2O2, or 0.5 mM sulfite. 

Peaks were either singlets (s) or complex multiplets 

(cm), as defined by an indistinguishable number of 

peaks. 

Product 

Name 

Shift 

[ppm] 

Peak 

Geometry 

A -63.0 s 

B -63.8 s 

C -66.4 s 

D -69.5 s 

E -82.0 s 

TFA -77.3 s 

Fluoride -121.5 s 

F -157.9 cm 
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Figure 2-3. 19F-NMR spectra 

of ortho-

trifluoromethylphenol (2-

TFMP) before photolysis 

(VI) and after photolysis in 

pH 5 acetate buffer (V), pH 7 

phosphate buffer (IV), pH 10 

borate buffer (III), pH 7 

buffer with 1 mM H2O2 (II), 

and pH 10 with 0.5 mM 

SO3
2- (I). The parent, 2-

TFMP (   ) is shown in (a), 

the peaks of the unphotolyzed 

sample was scaled by a factor 

of 8. Fluoride (F-) production 

is shown in (b), the I and IV 

samples were scaled by a 

factor of 4 and 2, 

respectively. The single 

organofluorine product (F) is 

shown in (c). Shift in ppm is 

resultant of pH change.   
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Figure 2-4. Fluorine mass balance as moles of total fluorine 

for the photolysis of ortho-trifluoromethylphenol (2-TFMP) at 

40 minutes for pH 5, 6 minutes for pH 7, 0.5 minutes for pH 

10, 4 minutes for 1 mM H2O2, & 0.5 minutes for 0.5 mM 

SO3
2-. 

Fluoride was the only fluorinated photoproduct formed from 3-TFMP in all 

reaction conditions (Figure 2-5 and 2-6). 
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Figure 2-5.19F-NMR spectra of meta-trifluoromethylphenol 

(3-TFMP) before photolysis (VI) and after photolysis in pH 5 

acetate buffer (V), pH 7 phosphate buffer (IV), pH 10 borate 

buffer (III), pH 7 buffer with 1 mM H2O2 (II), and pH 10 with 

0.5 mM SO3
2- (I). The parent, 3-TFMP, (   ) is shown in (a), 

the unphotolyzed sample was scaled by a factor of 4. Fluoride 

(F-) production is shown in (b), the broad peak in sample IV 

could be due to the shimming of the NMR instrument. 

Samples III and I were scaled by a factor of 4. Shift in ppm is 

resultant upon pH change. 
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Figure 2-6. Fluorine mass balance as moles of total fluorine for 

the photolysis of meta-trifluoromethylphenol (3-TFMP) at 40 

minutes for pH 5, 40 minutes for pH7, 1 minute for pH 10, 6 

minutes for 1 mM H2O2, and 1 minute for 0.5 mM SO3
2-.  

 Fluoride was the main fluorinated photoproduct for 4-TFMP at all reaction 

conditions. Organofluorine products were consistently detected and near the parent NMR 

shift, including TFA. Unique products were formed based on reaction conditions, product 

A is observed with the addition of H2O2, product C is observed at pH 5, and product D is 

observed at pH 10 with and without the addition of SO3
2- (Figures 2-7 and 2-8). This 

suggests that different mechanisms of degradation may be occurring with varying 

reaction conditions. 
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Figure 2-7. 19F-NMR spectra of para-trifluoromethylphenol (4-TFMP) 

before photolysis (VI) and after photolysis in pH 5 acetate buffer (V), 

pH 7 phosphate buffer (IV), pH 10 borate buffer (III), pH 7 buffer with 

1 mM H2O2 (II), and pH 10 with 0.5 mM SO3
2- (I). The parent, 4-

TFMP, (  ) and fluorinated photoproducts with similar NMR shifts 

(A,C,D) including trifluoroacetic acid (TFA) are shown in (a), the 

unphotolyzed sample was scaled by a factor of 4. Fluoride (F-) 

production is shown in (b) and samples I and II were scaled by a factor 

of 2.  
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Figure 2-8. Fluorine mass balance as moles of total fluorine 

for the photolysis of meta-trifluoromethylphenol (4-TFMP) at 

40 hours for pH 5, 6 hours for pH 7, 25 minutes for pH 10, 20 

minutes for 1 mM H2O2, & 20 minutes for 0.5 mM SO3
2-. 

4-TFMP had relatively rapid degradation in the dark controls compared to the 

other model compounds. 19F-NMR was conducted on the dark controls in all the reaction 

conditions except for pH 5, where the dark control rate was much slower. Fluoride was 

the major fluorinated photoproduct in all reaction conditions. At pH 10 and with the 

addition of sulfite, an organofluorine product was formed near the parent NMR shift 

(Product B). Suggesting that under basic conditions, hydrolysis forms different products 

than when under neutral conditions. With the addition of H2O2, a different organofluorine 

NMR shift was observed near the parent NMR shift (Product A). Suggesting that in the 

presence of •OH, a different hydrolysis mechanism may be occurring than with buffered 

water (Figures 2-9 and 2-10). 
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Figure 2-9. 19F-NMR spectra of para-

trifluoromethylphenol (4-TFMP) before hydrolysis (V) 

and after hydrolysis in pH 7 phosphate buffer (IV), pH 10 

borate buffer (III), pH 7 buffer with 1 mM H2O2 (II), and 

pH 10 with 0.5 mM SO3
2- (I). The parent, 4-TFMP, (  ) 

and fluorinated photoproducts with similar shifts (A and 

B) are shown in (a), 4TFMP was completely hydrolyzed 

in pH 10 and with the addition of sulfite. The 

unphotolyzed sample was scaled by a factor of 4.  

Fluoride is shown in (b) and may be either the result of 

NMR shimming or the overlap with other products, 

resulting in a broad peak.  
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Figure 2-10. Fluorine mass balance as moles of total fluorine for 

the dark control hydrolysis of meta-trifluoromethylphenol (4-

TFMP) at 1 hour for both pH 10 and 0.5 mM SO3
2-, and 6 hours 

for both pH 7 and 1 mM H2O2. 

 

2.3.2 Photolysis of Fluorophenol Model Compounds 

Photolysis and fluorinated photoproduct formation of the aryl fluorine motif (Ar-

F) were studied with ortho-, meta-, and para-fluorophenol model compounds. For all the 

compounds, the photolysis rates between pH 5 and 7 were similar. At pH 10, the rate 

constants increased two orders of magnitude for each fluorophenol. 4-FP had the fastest 

photodegradation rate of the three isomers (Table 2-7). 
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Table 2-7. Photolysis rate constants for 2-, 3-, and 4-fluorophenol (FP) using a 450-Watt 

UV immersion lamp with a 280 nm cutoff value and the corresponding hydrolysis rate 

constants found with dark control experiments in varying pH buffered waters. The pH 

values were set by acetate, phosphate, and borate for pH 5, 7, and 10, respectively. 

Compound Matrix 
Photolysis         

k (h-1) 

Hydrolysis 

k (h-1) 

2-FP  

pH 5 0.21 ± 0.01a 0.01 ± 6.3E-4 

pH 7 0.85 ± 0.03 0.01 ± 2.9E-3 

pH 10 15.99 ± 0.37 0.01 ± 0.13 

3-FP  

pH 5 0.17 ± 2.5×10-3  1.4×10-3 ± 2.9×10-4  

pH 7 0.36 ± 0.01 3.1×10-3 ± 1.7×10-3  

pH 10 10.15 ± 0.29 0.02 ± 0.10 

4-FP 

pH 5 4.28 ± 0.10 0.01 ± 0.01 

pH 7 4.17 ± 0.11 9.9E-3 ± 0.02 

pH 10 25.82 ± 1.66 0.01 ± 0.08 
a Reported errors are 95% confidence intervals determined by a weighted average of 

triplicate samples. 

Fluoride was the only fluorinated product formed from every fluorophenol model 

compound at pH 5, 7, and 10 (Figures 2-11 to 2-16). All products formed are listed with 

shift (ppm) and peak geometry (Table 2-8). Sometimes the fluoride peak was broad and 

had two peaks, this could be due to the shimming of the instrument or presence of an 

organofluorine photoproduct that is overlapping with the fluoride peak.  

Table 2-8. NMR shifts and peak geometry of 

fluorinated products identified from 

photolysis of 2-, 3-, and 4-fluorophenol in pH 

5, 7, and 10.  

Product 

Name 

Shift 

[ppm] 

Peak 

Geometry 

Fluoride -121.5 s 
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Figure 2-11. 19F-NMR spectra of ortho-

fluorophenol (2-FP) before photolysis (IV) and 

after photolysis in pH 5 acetate buffer (III), pH 7 

phosphate buffer (II), and pH 10 borate buffer (I). 

The parent, 2-FP, (   ) is shown in (a), and the 

fluoride (F-) production is shown in (b). 
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Figure 2-12. Fluorine mass balance as moles of total fluorine for the 

photolysis of ortho-fluorophenol (2-FP) at 6 hours for pH 5, 2 hours 

for pH 7, and 5 minutes for pH 10. 

 

 

 
Figure 2-13. 19F-NMR spectra of meta-fluorophenol (3-

FP) before photolysis (IV) and after photolysis in pH 5 

acetate buffer (III), pH 7 phosphate buffer (II), and pH 10 

borate buffer (I). The parent, 3-FP, (   ) and fluoride (F-) 

production are shown. 
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Figure 2-14. Fluorine mass balance as moles of total fluorine for 

the photolysis of meta-fluorophenol (3-FP) at 4 hours for pH 5, 4 

hours for pH 7, and 8 minutes for pH 10.   

 

 
Figure 2-15.19F-NMR spectra of para-fluorophenol 

(4-FP) before photolysis (IV) and after photolysis in 

pH 5 acetate buffer (III), pH 7 phosphate buffer (II), 

and pH 10 borate buffer (I). The parent ,4-FP, (   ) 

and fluoride (F-) production are shown in (a). 
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Figure 2-16. Fluorine mass balance as moles of total fluorine for 

the photolysis of para-fluorophenol (4-FP) at 20 minutes for pH 5, 

20 minutes for pH 7, and 3 minutes for pH 10.  

 

2.3.3 Photolysis of Fluoxetine 

Photolysis and fluorinated photoproduct formation of fluoxetine was studied and 

compared to the three Ar-CF3 model compounds. The photolysis rate was pH dependent. 

At pH 10, the rate was nearly double that at pH 7. The addition of H2O2 and SO3
-2 

increased the rate roughly 45-fold and 10-fold, respectively (Table 2-9), suggesting that 

both AOPs and ARPs increase the photolysis rate of fluoxetine.  
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Table 2-9. Photolysis rate constants for fluoxetine and sitagliptin using a 450-Watt UV 

immersion lamp with a 280 nm cutoff value and the corresponding hydrolysis rate 

constants found with dark control experiments in various aqueous matrices. The pH 

values were set with phosphate and borate for pH 7 and 10, respectively, and the pH of 

H2O2 and SO3
-2 were set to 7 and 10, respectively.   

Compound Matrix 
Photolysis         

k (h-1) 

Hydrolysis 

k (h-1) 

Fluoxetine  

pH 7 0.27 ± 0.01a 0.02 ± 0.01 

pH 10 0.56 ± 0.15 0.01 ± 0.10 

1 mM H2O2 12.13 ± 1.54 1.73 ± 1.46 

0.5 mM SO3
-2 5.79 ± 0.95 0.34 ± 0.11 

a Reported errors are 95% confidence intervals determined by a weighted average of 

triplicate samples. 

Fluorinated photoproduct formation from fluoxetine varied with reaction 

conditions. Fluoride was the largest product formed, on a mole basis. Four 

organofluorinated products formed, one being TFA (Figure 2-17 and 2-18). All products 

formed in every reaction condition are listed with shifts (ppm) and peak geometry (Table 

2-10). TFA was only detected at pH 7 and with the addition of H2O2, consistent with data 

for 4-TFMP. The three other products had similar shifts to the parent fluoxetine 

compound, suggesting that the products retained the Ar-CF3 motif. Product A was formed 

at pH 7 with and without the addition of H2O2, Product B was only formed with H2O2, 

and Product C was formed at pH 7. No organic fluorine photoproduct was formed via 

direct photolysis at pH 10, however Product C was also detected with the addition of SO3
-

2 at pH 10 (Figure 2-17 and 2-18). This suggests that mechanisms for degradation are pH 

dependent and that eaq
- may be involved in a different degradation mechanism than direct 

photolysis.  
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Table 2-10. 19F-NMR shifts of fluorinated 

products identified from photolysis of 

fluoxetine in pH 7, pH 10, 1 mM H2O2, or 

0.5 mM sulfite. All peaks were singlets (s) 

in their peak geometry.  

Product 

Name 

Shift 

[ppm] 

Peak 

Geometry 

A -62.8 s 

B -63.0 s 

C -63.1 s 

TFA -77.3 s 

Fluoride -121.5 s 
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Figure 2-17. 19F-NMR 

spectra of fluoxetine before 

photolysis (V), and after 

photolysis in pH 7 phosphate 

buffer (IV), pH 10 borate 

buffer (III), with 1 mM H2O2 

(II), and 0.5 mM SO3
2- (I). 

The parent, fluoxetine, ( ) 

and photoproducts with 

similar NMR shifts (A, B, C) 

are shown in (a), the 

unphotolyzed sample was 

decreased by a factor of 4. 

Trifluoroacetic acid (TFA) is 

shown in (b) and fluoride (F-) 

is shown in (c).    
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Figure 2-18. Fluorine mass balance as moles of total fluorine for the 

photolysis of fluoxetine (FLX) at 4 hours for pH 7, 2 hours for pH 10, 

10 minutes for 1 mM H2O2, and 20 minutes for 0.5 mM SO3
2-.  

 

2.3.4 Photolysis of Sitagliptin 

Photolysis and fluorinated photoproduct formation of sitagliptin were studied and 

comparisons to the Ar-F model compounds were made. The pH dependence of sitagliptin 

photolysis could not be fully assessed due to a newer lamp apparatus being used for the 

pH 10 samples. The newer lamp produced faster photolysis rates, thus the increase in rate 

could be from the lamp or from the increase in pH. The addition of H2O2 increased the 

photolysis rate nearly 145-fold, suggesting that AOPs are effective at increasing 

photolysis rates of sitagliptin. The addition of SO3
-2 in the older lamp apparatus was 

about 15-fold faster than the direct photolysis rate with the new lamp at pH 10 (Table 2-

11), suggesting that ARPs increase the photolysis rate of sitagliptin as well.  
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Table 2-11. Photolysis rate constants for fluoxetine and sitagliptin using a 450-Watt UV 

immersion lamp with a 280 nm cutoff value and the corresponding hydrolysis rate 

constants found with dark control experiments in various aqueous matrices. The pH 

values were set with phosphate and borate for pH 7 and 10, respectively, and the pH of 

H2O2 and SO3
-2 were set to 7 and 10, respectively.   

Compound Matrix 
Photolysis         

k (h-1) 

Hydrolysis 

k (h-1) 

Sitagliptin 

pH 7 b 9.6×10 -3 ± 3.8×10-4 a 1.0E-4 ± 2.1×10-4 

pH 10 0.03 ± 1.4×10-3 5.7E-4 ± 1.1×10-3 

1 mM H2O2 
b 1.21 ± 0.04 0.02 ± 0.03 

0.5 mM SO3
-2 b 0.43 ± 0.06 -0.01 ± 0.04 

a Reported errors are 95% confidence intervals determined by a weighted average of 

triplicate samples. 
b Denotes photolysis conducted on an older Hg-vapor lamp 

 

 

Two NMR signals were found for two of the three Ar-F motifs (-120.5 and -120.6 

ppm and -144.8 and -144.9 ppm) as well as the Py-CF3 motif (-65.3ppm). This could be 

due to an impurity in the stock solution. Two HPLC peaks were also observed for 

sitagliptin.   Many organic fluorine photoproducts were formed in every matrix. All the 

fluorinated products were singlets and had shifts close to the parent Py-CF3 shift (Figure 

2-19). All products formed in every reaction condition are listed with shifts (ppm) and 

peak geometry (Table 2-12). Both NMR peaks for each motif were combined into a 

single value for a fluorine mass balance (Figure 2-20). Additionally, all the Ar-F NMR 

peaks were combined, and all the Py-CF3 NMR peaks were combined (Figure 2-21). This 

showed the change of concentration for Py-CF3 and Ar-F motifs while fluoride was 

forming, ultimately determining what motif was producing the fluoride. The same pattern 

occurred for each reaction condition except for direct photolysis at pH 10. The Ar-F 

motifs decreased as the fluoride appeared, the Py-CF3 motif stayed relatively even 

throughout photolysis. This suggests that at pH 7, the addition of H2O2, and SO3
2-, 

fluoride is being produced from the Ar-F motifs. Direct photolysis at pH 10, however, 
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showed something different. The Py-CF3 motif decreased more than the Ar-F motif, 

suggesting that the fluoride is also being produced from the Py-CF3 motif. The difference 

between the addition of SO3
2- and pH 10 reaction conditions further suggesting that eaq

- 

provides a different mechanism for degradation than direct photolysis.    

Table 2-12. 19F-NMR shifts of fluorinated  

products identified from photolysis of  

sitagliptin in pH 7, pH 10, 1 mM H2O2, or 

0.5 mM sulfite. All peaks were singlets (s) 

in their peak geometry.  

Product 

Name 

Shift 

[ppm] 

Peak 

Geometry 

A -63.7 s 

B -64.0 s 

C -64.7 s 

D -64.8 s 

E -65.0 s 

F -65.1 s 

G 

H 

I 

J 

-65.3 

-65.4 

-65.4 

-65.5 

s 

s 

s 

s 

K -65.6 s 
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Figure 2-19. 19F-NMR spectra of sitagliptin before photolysis (V) and after 

photolysis in a pH 7 phosphate buffer (IV), pH 10 borate buffer (III), pH 7 

with 2 mM H2O2 (II), and pH 10 with 0.5 mM SO3
2- (I). The Py-CF3 motif 

from the parent, sitagliptin, (   ) is shown in (a) with all of the organofluorined 

photoproducts (A-K), the unphotolyzed sample was scaled by a factor of 4. 

Fluoride (F-) production is shown in (b) along with one of the Ar-F parent 

compounds signals. The other Ar-F motifs on the parent compounds are shown 

in (c).  
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Figure 2-20. Fluorine mass balance as moles of total fluorine for the 

photolysis of sitagliptin at 96 hours for pH 7, 40 hours for pH 10, 2 hours 

for 2 mM H2O2, and 2 hours for 0.5 mM SO3
2-. Overlap of a parent peak 

with the fluoride peak occurred in the sulfite sample, thus the total fluorine 

for both peaks were reported as one. 
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Figure 2-21. Fluorine mass balance as moles of total fluorine for the 

photolysis of sitagliptin at 96 hours for pH 7, 40 hours for pH 10, 2 

hours for 2 mM H2O2, and 2 hours for 0.5 mM SO3
2-. Due to the 

many products formed during photolysis, the shifts were split into 

either the aryl fluorine (Ar-F) or the trifluoromethyl group on the 

pyrazole ring (Py-CF3), including the parent peaks. The fluoride 

peak for the SO3
2- reaction condition overlapped with an Ar-F parent 

peak that was relatively small compared to the total moles of 

fluorine for the fluoride product.   

 

Possible fluorinated photoproducts formed from sitagliptin at pH 7 were identified 

with LC-MS/MS (Table 2-13). The addition of oxygen occurred in each photoproduct. 

One photoproduct replaced an Ar-F with a hydroxyl group, providing a route to fluoride 

mineralization. Others added a hydroxyl group to the ring, replacing a single hydrogen. 

One product replaced the -NH2 group with a ketone. Oxidation continued with this 

product as two more oxygen atoms were added to the aromatic ring as hydroxyl groups, 

(Figure 2-22). No fluorine was lost from the Py-CF3 motif, corresponding to what was 

found via 19F-NMR at pH 7. Due to COVID-19 no additional LC-HRMS analyses could 

be conducted.  
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Table 2-13. Sitagliptin fluorinated photoproduct formation in a pH 7 

phosphate buffer. Identification of products was done by LC-HRMS and 

confidence levels were given based on MS isotope ratios and MS/MS 

fragmentation data (Appendix C). 

Elution 

Time 

(min) 

Name Structure Product 

Confidence 

19.7 Parent 

 

2b 

19.4 Product 1 

 

2b 

25.5 Product 2 

 

3 

27.2 Product 3 

 

2b 

28.5 Product 4 

 

3 
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Figure 2-22. Possible scheme for photoproduct formation for sitagliptin at pH 7. The 

total atoms added and removed are shown next to the arrows. 
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2.4 Discussion  

 

Photolysis rates of the Ar-CF3 model compounds varied with the position of the 

Ar-CF3 motif relative to the hydroxyl group. There was an observable pH dependence on 

the photolysis rate for all isomers. Differences in pH dependence are affected by on the 

position of the motif as well. Under basic conditions, 2- and 3-TFMP degraded rapidly, 

with the 4-TFMP rate constant being two orders of magnitude slower. At pH 7, 2-TFMP 

degraded quickest, 3-TFMP was an order of magnitude slower than 2-TFMP, and 4-

TFMP was an order of magnitude slower than 3-TFMP. Under acidic conditions, 2- and 

3-TFMP had similar rates while 4-TFMP was two orders of magnitude slower than the 

others. 4-TFMP also had higher hydrolysis rates than the other isomers, as shown in the 

dark controls. Consistent among the three positions was the increase in rate with the 

addition of H2O2 and no change in rate with the addition of SO3
-2. This indicates that 

AOPs are effective at increasing the degradation of these motifs but that the Ar-CF3 motif 

is resistant to eaq
-.  

Although organic fluorine photoproducts are produced by 2- and 4-TFMP, 

fluoride was the major fluorinated product detected for all three model compounds in 

every reaction condition. TFA was formed from 4-TFMP at pH 5, 7, and pH 7 with H2O2. 

Products A and C were formed with the addition of H2O2 and at pH 5, respectively. These 

products were close the parent compound and may be an addition of one or more 

hydroxyl groups onto the aromatic ring. This would explain the additional oxygen 

required for TFA formation. The pKa values of 2-, 3, and 4-TFMP are 8.9, 9.0, and 9.4, 

respectively. This explains the rate constant pH dependence at pH 10. Unique 

photoproducts are observed when reaction conditions are above the pKa values of the 
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TFMPs. Products D and E were observed under basic conditions for 4-TFMP and 2-

TFMP, respectively. The hydrolysis of 4-TFMP under basic conditions gave rise to a 

unique product (Product B). 2-TFMP also formed a product in the Ar-F range (Product F) 

at pH 5. This product is in the Ar-F range, but Ar-CFH2 is also in this range and explains 

the multiplet, or this could also be a fluoride peak as described in Appendix B. 3-TFMP 

does not show any change in product formation with changes in reaction conditions. The 

fluorine products formed from the dark controls of 4-TFMP were also pH dependent. At 

pH 10 with and without the addition of sulfite, fluoride was the main product, but one 

organofluorine product was produced (Product B). At pH 7, only fluoride formation 

occurred, while the addition of H2O2 produced another organofluorine product (Product 

A) along with fluoride.  

Three conclusions can be made from the Ar-CF3 motif data. First, for every Ar-

CF3 model compound the addition of SO3
2- did not change the product formation, further 

suggesting a resistance to eaq
-.  Second, unique products were formed under basic, 

neutral, and acidic conditions, suggesting that pH not only affects the rate, but also the 

product formation of the Ar-CF3 motif. Lastly, ortho-, meta-, and para- Ar-CF3 motifs 

had different products form under the same reaction conditions, suggesting that product 

formation is related to position of the motif.       

Photolysis rates of the Ar-F model compounds varied with position of the motif 

relative to the hydroxyl group. There was an observable pH dependence on the photolysis 

rate for all isomers. The pKa values of 2-, 3-, and 4-fluorophenol are 8.7, 9.3, and 9.9, 

respectively. The rate constants were fastest at pH 10 for all isomers. At pH 5 and 7 the 
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rates were similar for each compound. 4-FP was observably quicker than 2- and 3-FP in 

all reaction conditions.   

Ar-F model compounds formed only fluoride at pH 5, 7, and 10. The fluoride 

peaks are not clean singlets at pH 7 and 10, which may be due to parameters on the NMR 

instrument or overlap with an organofluorine photoproduct with a similar NMR shift. The 

phenolate is abundant when the pH is above the pKa value of each isomer. It is known 

that the phenolate can undergo ring condensation as a photodegradation mechanism. 

Under basic conditions, the Ar-F motif is able to remain on the ring structure.112 Two 

degradation mechanisms involving ring-condensation form either fluoride (Figure 2-23) 

or an organofluorine compound (Figure 2-24). Both mechanisms require formation of the 

phenolate, either by the fluorine removing the hydroxyl hydrogen, or reaction conditions 

such that the pH is above the pKa value. The 19F-NMR spectra of the fluorophenol model 

compounds only show fluoride formation suggesting that if ring-condensation occurs, it 

is through the mechanism shown in Figure 2-23.  
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Figure 2-23. Mineralization pathway of 2-FP as proposed by 

Chatterjee et al. Electron pushing is shown between the transition 

state. 

 

 

Figure 2-24. Possible photo-contraction of the 6-membered aromatic ring to a 5-

memebered ring as proposed by Bole et al.  

The s-cis conformation of 2-FP is more stable than the s-trans conformation by 

0.73 kcal/mol due to the hydroxyl hydrogen and fluorine interaction (Figure 2-25).113 The 

more stable s-cis conformation can be assumed to be more abundant than the s-trans 

conformation. According to the IUPAC standards of bond angle and separation distance, 

this interaction is a hydrogen bond. Some mechanisms suggest that the hydrogen bond on 
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the 2-FP molecule creates a pathway for mineralization by creating a 5-memebered 

ring.114,115 The fluorine pulls the hydrogen away from the oxygen leading to ring 

condensation and removal of an HF group (Figure 2-23). This pathway requires an 

energy input, which photons provide.114 At a pH value above the pKa of the fluorophenol, 

the hydroxyl hydrogen disassociates and is not available  for hydrogen bonding with the 

fluorine.  

 

Figure 2-25. Cis and trans conformations of 

ortho-fluorophenol, showing the hydrogen bond 

between the alcohol and the fluorine. 

The use of Ar-CF3 motif model compounds to better understand TFA formation 

allowed insight into the TFA formation from fluoxetine. With 4-TFMP being a proposed 

intermediate photoproduct for TFA formation, this model compound was subject to 

photolysis at multiple pH values as well as with H2O2 and SO3
-2. TFA was formed at pH 

5 and 7, as well as in the presence of H2O2, which was added at pH 7. This matches the 

TFA formation with fluoxetine. No TFA was formed under basic conditions, with and 

without the addition of SO3
2-. The position of the Ar-CF3 motif relative to the hydroxyl 

group was also studied. Ortho- and meta- positions were subject to photolysis in the same 

reaction conditions as 4-TFMP. No TFA was detected from the photolysis of 2- and 3-

TFMP. This suggests that the position of the Ar-CF3 motif on fluoxetine may be 
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important for TFA formation. The model compounds are not a perfect representation of 

fluoxetine. At pH 10, small amounts of organofluorine products are observed from the 

Ar-CF3 model compounds, where only fluoride is formed from fluoxetine.  

Sitagliptin has a pKa value of 7.7. At pH 10, the primary amide loses a hydrogen, 

yielding an overall negative charge. There is no hydroxyl group on the aromatic ring on 

which the Ar-F motifs reside. Thus, other mineralization mechanisms than what is 

observed with the fluorophenol model compounds may occur. All reaction conditions 

shared many of the same products. Only two unique products were identified, Product B 

at pH 10 and Product C with the addition of H2O2. All products were within 2 ppm of 

each other in the NMR spectrum, suggesting that the unique products formed were 

similar to the other photoproducts. Direct photolysis at pH 10 showed fluoride formation 

with the Py-CF3 motif decreasing. However, at pH 10 with the addition of SO3
-2, the Ar-F 

motif decreases as fluoride is formed. Suggesting that eaq
- may provide an alternate route 

of photodegradation at pH 10. All other reaction conditions showed the Ar-F motif 

decrease as fluoride was formed. Suggesting that fluoride is formed from the Ar-F motif 

in these reaction conditions. 
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Chapter 3 Summary and Recommendations 

 

Pharmaceuticals are released into the environment and lead to concerns including 

toxicity, bioaccumulation, and transformations into other compounds of concern.28,63,66 

The incorporation of fluorinated functional groups in the pharmaceutical industry has 

consistently increased since its first use in 1955.10 The change in physiochemical 

properties of molecules with the addition of fluorine make fluorinated contaminants more 

resistant to oxidation than their non-fluorinated counterparts, but photolysis is an 

important degradation pathway of these compounds.34 Advanced oxidation practices 

(AOPs) coupled with ultraviolet radiation are used in water treatment facilities for 

disinfection and are capable of degrading fluorinated compounds as well.46,57 Advanced 

reduction practices (ARPs) have been proposed to degrade oxidized contaminants. 

Although the parent molecule may degrade, the fluorinated photoproducts may also be of 

concern and required further investigation.  

Performing photolysis experiments on every fluorinated pharmaceutical to 

determine possible harmful photoproducts is challenging. The use of model compounds 

to study photoproduct formation from fluorine motifs was used to determine possible 

photoproducts based on the molecular environment surrounding the fluorine atom. 2-, 3-, 

and 4-TFMP were used to study the Ar-CF3 motif and 2-,3-, and 4-FP were used to study 

the Ar-F motif. Photoproduct formation detection by 19F-NMR of fluoxetine (Ar-CF3) 

and sitagliptin (Ar-F and Py-CF3) was performed. TFA is a known photoproduct of 

fluoxetine and is proposed to form from via a 4-TFMP intermediate.75 19F-NMR was able 

to detect TFA from both fluoxetine and 4-TFMP, confirming that 4-TFMP is the 

intermediate for TFA production from fluoxetine. TFA was only formed at pH 5 and 7. 2- 
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and 3-TFMP did not produce TFA as a photoproduct, suggesting that the para position of 

the Ar-CF3 motif is important for TFA formation from TFMP.      

The three Ar-F model compounds were photolyzed at pH 5, 7, and 10 to better 

understand product formation of this fluorine motif at varying pH conditions. Fluoride 

was the only fluorinated photoproduct detected by 19F-NMR at every pH. Even though 

proposed mechanisms for organic fluorine products exist, only fluoride was 

observed.112,114 When pH conditions are above the pKa of the Ar-F model compounds, the 

phenolate is abundant. However, no change in fluorinated photoproducts occurred. The 

Ar-F motifs of sitagliptin also produced fluoride under most reaction conditions, 

following the trend of the model compounds. At pH 10, however, the Ar-F motifs do not 

produce fluoride, rather the Py-CF3 motif does.  

Use of 19F-NMR for quantitative determination of fluorinated photoproducts was 

effective. The large spectral range and 100% abundance of the 19F isotope made it 

possible to detect all fluorinated photoproducts and parent compounds with good peak 

separation. The use of an internal standard (HFB) in a capillary tube allowed 

quantification of 19F-NMR peaks as total moles of fluorine. Mass balance calculations 

were conducted, and the concentrations of each fluorinated photoproduct were found. 

Errors were high (~20%), due to the NMR method not being optimized for unknown 

photoproducts. Due to the nature of NMR, the shift of each peak provided useful 

information on the structure and motif of the photoproduct. When the product peaks were 

near the parent peaks, it could be assumed that the products had a similar fluorine motif 

as the parent. While if the peak shifted dramatically, the assumption that the fluorine 

motif changed from the parent compound could be made. The majority of the products 



79 

 

had similar shifts to the parent compounds, suggesting that the organofluorine 

photoproducts retained their fluorine motifs.  

Continuing LC-HRMS analyses on the photolyzed samples of the compounds 

studied need to be done to determine structures of photoproducts. Additionally, more 

model compounds need to be studied to look at other fluorine motifs, such as Py-CF3. 

Computational prediction of NMR shifts for potentioal products would also be valuable 

information for the identifications of observed products in the NMR spectra. More 

pharmaceuticals and agrochemicals with various fluorine motifs need to be studied to 

determine fluorinated photoproduct formation and relate them to model compounds. 

Highly fluorinated MRI contrast agents also need to be photolyzed in various reaction 

conditions, especially with ARPs.       
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 Additional Data 

A.1 UV-Spectrum of Compounds of Interest 

 The spectrophotometer was used to obtain the absorbance spectra of each 

compound of interest. The concentration of each compound of interest was at 100 µM so 

that a large absorbance could be obtained. They were all taken in MilliQ water with the 

blank sample being the pure MilliQ water. The total sweep width of the instrument was 

from 600 to 200 λ.   

 

 
Figure A-1. Ultraviolet absorbance spectra of sitagliptin and fluoxetine in 

MilliQ water (pH 7). The vertical line represents the minimum wavelength 

emitted from the Hg-vapor lamp apparatus, as controlled by a cut-off sleeve.  
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Figure A-2. Ultraviolet absorbance spectra of 4-, 3-, and 2-

trifluoromethylphenol (TFMP) in MilliQ water (pH 7). The vertical 

line represents the minimum wavelength emitted from the Hg-vapor 

lamp apparatus, as controlled by a cut-off sleeve.  

 
Figure A-3. Ultraviolet absorbance spectra of 4-, 3-, and 2-

fluorophenol (FP) in MilliQ water (pH 7). The vertical line 

represents the minimum wavelength emitted from the Hg-vapor 

lamp apparatus, as controlled by a cut-off sleeve. 
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A.2 Photolysis Reaction Kinetics 
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Figure A-4. Photochemical degradation plots of ortho-trifluoromethylphenol (2-

TFMP) with hydrolysis (□) and photolysis (■) rate constants of 0.01 ± 0.01 h-1 

and 3.52 ± 0.07 h-1 in a 10 mM pH 5 acetate buffer (a), 0.08 ± 0.03 h-1 and 26.37 

± 0.64 h-1 in a 10 mM pH 7 phosphate buffer (b), 10.78 ± 28.57 h-1 and 334.09 ± 

93.45 h-1 in a 10 mM pH 10 borate buffer (c), 0.22 ± 0.10 h-1 and 29.99 ± 1.47 h-1 

in a 10 mM pH 7 phosphate buffer with 1 mM H2O2 (d), and 0.99 ± 1.62 h-1 and 

422.43 ± 9.38 h-1 in a 10 mM pH 10 borate buffer with 0.5 mM SO3
-2 (e). Error 

bars represent the standard deviation between triplicate samples taken on HPLC. 

Reported rate constant errors represent the average 95% confidence interval 

determined by regression statistics. 
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Figure A-5. Photochemical degradation plots of meta-trifluoromethylphenol 

(3-TFMP) with hydrolysis (□) and photolysis (■) rate constants of 0.01 ± 0.01 

h-1 and 2.72 ± 0.06 h-1 in a 10 mM pH 5 acetate buffer (a), 0.04 ± 0.04 h-1 and 

3.27 ± 0.63 h-1 in a 10 mM pH 7 phosphate buffer (b), 2.84 ± 2.08 h-1 and 

207.90 ± 7.51 h-1 in a 10 mM pH 10 borate buffer (c), 0.08 ± 0.08 h-1 and 7.80 

± 0.20 h-1 in a 10 mM pH 7 phosphate buffer with 1 mM H2O2 (d), and 0.72 ± 

0.41 h-1 and 225.83 ± 13.60 h-1 in a 10 mM pH 10 borate buffer with 0.5 mM 

SO3
-2 (e). Error bars represent the standard deviation between triplicate 

samples taken on HPLC. Reported rate constant errors represent the average 

95% confidence interval determined by regression statistics. Note the change 

in units along the x-axis. 
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Figure A-6. Photochemical degradation plots of para-trifluoromethylphenol 

(4-TFMP) with hydrolysis (□) and photolysis (■) rate constants of 4.1×10-3  ± 

3.6×10-4 h-1 and 0.02 ± 5.5×10-4 h-1 in a 10 mM pH 5 acetate buffer (a), 0.25 ± 

0.01 h-1 and 0.10 ± 0.02 h-1 in a 10 mM pH 7 phosphate buffer (b), 3.93 ± 0.57 

h-1 and 1.58 ± 0.71 h-1 in a 10 mM pH 10 borate buffer (c), 0.52 ± 0.18 h-1 and 

6.85 ± 0.93 h-1 in a 10 mM pH 7 phosphate buffer with 1 mM H2O2 (d), and 

2.85 ± 0.39 h-1 and 2.38 ± 0.45 h-1 in a 10 mM pH 10 borate buffer with 0.5 

mM SO3
-2 (e). Note the change in time units on the x-axis. Error bars represent 

the standard deviation between triplicate samples taken on HPLC. Reported 

rate constant errors represent the average 95% confidence interval determined 

by regression statistics. 
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Figure A-7. Photochemical degradation plots of ortho-fluorophenol (2-FP) 

with hydrolysis (□) and photolysis (■) rate constants of 0.01 ± 6.3×10-4 h-1 

and 0.21 ± 0.01 h-1 in  a 10 mM pH 5 acetate buffer (a), 0.01 ± 2.9×10-3 h-1 

and 0.85 ± 0.03 h-1 in a 10 mM pH 7phosphate buffer (b), and 0.01 ± 0.13 h-1 

and 15.99 ± 0.37 h-1 in a 10 mM pH 10 borate buffer (c). Note the change in 

time units on the x-axis. Error bars represent the standard deviation between 

triplicate samples taken on HPLC. Reported rate constant errors represent the 

average 95% confidence interval determined by regression statistics.   
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Figure A-8. Photochemical degradation plots of meta-fluorophenol (3-FP) with 

hydrolysis (□) and photolysis (■) rate constants of 1.4×10-3 ± 2.9×10-4 h-1 and 

0.17 ± 2.5×10-3 h-1 in  a 10 mM pH 5 acetate buffer (a), 3.1×10-3 ± 1.7×10-3 h-1 

and 0.36 ± 0.01 h-1 in a 10 mM pH 7phosphate buffer (b), and 0.02 ± 0.10 h-1 and 

10.15 ± 0.29 h-1 in a 10 mM pH 10 borate buffer (c). Note the change in time 

units on the x-axis. Error bars represent the standard deviation between triplicate 

samples taken on HPLC. Reported rate constant errors represent the average 95% 

confidence interval determined by regression statistics.   
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Figure A-9. Photochemical degradation plots of para-fluorophenol (4-FP) with  

hydrolysis (□) and photolysis (■) rate constants of 0.01 ± 0.01 h-1 and 4.28 ± 

0.10 h-1 in  a 10 mM pH 5 acetate buffer (a), 9.9×10-3 ± 0.02 h-1 and 4.17 ± 

0.11 h-1 in a 10 mM pH 7phosphate buffer (b), and 0.01 ± 0.08 h-1 and 25.82 ± 

1.66 h-1 in a 10 mM pH 10 borate buffer (c). Error bars represent the standard 

deviation between triplicate samples taken on HPLC. Reported rate constant 

errors represent the average 95% confidence interval determined by regression 

statistics.   
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Figure A-10. Photochemical degradation plots of fluoxetine with hydrolysis (□) and 

photolysis (■) rate constants of  0.02 ± 0.01 h-1 and 0.27 ± 0.01 h-1 in a 10 mM pH 7 

phosphate buffer (a), 0.01 ± 0.10 h-1 and 0.56 ± 0.15 h-1 in a 10 mM pH 10 borate 

buffer (b), 1.73 ± 1.46 h-1 and 12.13 ± 1.54 h-1 in a 10 mM pH 7 phosphate buffer 

with 1 mM H2O2 (c), and 0.34 ± 0.11 h-1 and 5.79 ± 0.95 h-1 in a 10 mM pH 10 

borate buffer with 0.5 mM SO3
-2. Note the change in time units on the x-axis. Error 

bars represent the standard deviation between triplicate samples taken on HPLC. 

Reported rate constant errors represent the average 95% confidence interval 

determined by regression statistics. 
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Figure A-11. Photochemical degradation plot of sitagliptin with hydrolysis (□) 

and photolysis (■) rate constants of  1.0×10-4 ± 2.1×10-4 h-1 and 9.6×10-3 ± 

3.8×10-4 h-1 in a 10 mM pH 7 phosphate buffer (a), 5.7×10-4 ± 1.1×10-3 h-1 and 

0.03 ± 1.4×10-3 h-1 in a 10 mM pH 10 borate buffer (b), 0.02 ± 0.03 h-1 and 1.21 

± 0.04 h-1 in a 10 mM pH 7 phosphate buffer with 2 mM H2O2 (c), and -0.01 ± 

0.04 h-1 and 0.43 ± 0.06 h-1 in a 10 mM pH 10 borate buffer with 0.5 mM SO3
-2 

(d). Error bars represent the standard deviation between triplicate samples taken 

on HPLC. Reported rate constant errors represent the average 95% confidence 

interval determined by regression statistics.   
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 Detailed NMR Protocols and Additional Data 

B.1 NMR Experimental Set-Up 

NMR experiments were chosen from the dropdown menu in the autosampler 

software in TopSpin. In the corresponding row numbered with the sample location, a 

unique experiment number was automated for the experiment. The solvent chosen was 

D2O and the experiment chosen was named “N 19   no decoupling.” After the 

experiment and solvent were chosen, in the top-menu, “parameters” then “edit all 

parameters” were chosen. The editable parameters are described in detail below, after 

they were changed to the desired values, the “return to  CON” button was selected to 

save the parameters and return to the NMR sequence run.  

B.2 NMR Parameters 

The receiver gain, (RG), was initially automated and determined an optimal value 

of 101. All subsequent NMR experiments used this value.  The acquisition time, (AQ), 

was found by visually inspecting the FID and choosing a cut-off time which captures 

minimal noise and maximum signal based on the signal decay. This value was found to 

be 0.3 seconds. The fluorine resonances observed in these experiments fell within the 

values of -60 ppm to -170 ppm, thus the sweep width (SW) was set to be 201 ppm. The 

center frequency (O1p) was set to -100 ppm, such that the spectral range was from 0 to -

200 ppm, allowing for all the fluorine signals to be observed. The delay time (D1) was 

incrementally increased from 3 to 6 seconds using 1 second intervals on an NMR sample 

containing 10 µM of fluoxetine, hexafluorobenzene, fluoride, lansoprazole, and TFA. 

The signal to noise of each compound’s peak was taken for each D1 time. D1 times that 

are too short do not provide enough time for the 19F nuclei to relax leading to an 
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underreporting of the fluorine concentrations. Increasing the D1 time also increases the 

experiment time, so a trade-off for time was made, while still maintaining a high enough 

signal-to-noise for analysis. The results of this test can be found in Table B-1. Most 

compounds did not have a large change in signal-to-noise along this range of times. A 

time of 4 seconds was chosen, giving sufficient signal to noise for each fluorine motif, 

while not having an extensively long method time. The D1 time of 4 seconds did not 

show maximum S/N for fluoride, consequently, the quantification of fluoride may be 

underrepresented. The number of scans (NS) can be changed to increase the signal-to-

noise as a function of the square of the NS. An NS value of 1024 led to good signal-to-

noise (>10) for the fluorinated products within a reasonable experiment time (75 min). 

The number of dummy scans (DS) were kept at the automatic setting of 4, this is the 

number of scans taken before data is collected. Other values were kept at the initial value 

or whatever they changed to be once the AQ, NS, SW, and D1 values were adjusted.  

Table B-1. Change in S/N due to change in D1 times.  

Compound D1: 3 sec. D1: 4 sec. D1: 5 sec.  D1: 6 sec. 

Fluoride 53.71 55.85 61.53 64.31 

Fluoxetine  17.79 19.73 13.61 19.27 

HFB 97.05 104.39 122.44 110.71 

Lansoprazole 35.1 32.04 30.46 34.06 

TFA 35.51 38.58 29.82 37.77 

 

B.3 NMR Sample Set-Up 

The HFB standards are fragile, and one technique proved to be adequate at 

inserting and removing the standard from the NMR tube without breaking either. This 

process should be done after the NMR tube has been filled with D2O and the sample of 

interest.  
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1. Wipe the HFB standard tube with a chemwipe. 

2. Make sure all of the liquid standard is at the bottom of the capillary tube. 

3. Gently place the HFB standard tube in the NMR tube with the flame 

sealed tip facing up. 

4.  f the standard tube doesn’t fall to the bottom of the NMR tube, carefully 

tap the bottom of the NMR tube on a notebook or other hard surface. The 

standard tube will slowly fall down the NMR tube until it reaches the 

bottom.  

5. Cap and label the NMR tube. 

Each NMR tube should be clearly labeled so that you can remember what 

standard tube corresponds to which NMR tube because every ISratio is unique. When this 

is completed, wipe down the outside of the NMR tube with a chemwipe and place it in a 

spinner. Use the depth gauge to check that the volume is within the range that the 

instrument can accurately analyze the sample. Place the NMR tubes in the corresponding 

holders in the autosampler. To run the samples on the NMR, highlight all the lines that 

you want to run and click the “submit” button. The term “queued” should appear by each 

sample that was highlighted. Click the “start” button, a pop-up will appear asking where 

to start, type in the first location number that you have submitted, then press “OK.”  

B.4 NMR Spectrum Processing 

 Baseline corrections were needed to obtain a usable baseline for spectral 

integration. To flatten the baseline across the NMR spectra, processing parameters must 

be edited. Under the ‘Process Parameters” tab, a 7-step protocol can be followed.  
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1. Scroll down to the “ME_mod” tab and select “LPbr” from the dropdown 

menu. 

2.  n the NCOE  window, type in “32”. 

3.  n the LPB N window, type in “16”. 

4.  n the TDoff window, type in “16”. 

5. In the command window, located in the bottom left-hand corner, type in 

“CON DTA”. 

6. In the pop-up window type in an experiment number that is different from 

the other experiment numbers in the file that you are working in. This 

saves it as a new file instead of overwriting an existing file.  

7. Once you saved it as a new file, give it a new title and adjust the phase so 

that every peak in the desired range is in phase.   

B.5 Calculations of Error  

 Errors for every 19F-NMR peak were propogated from the error found of each 

HFB ISratio. Calibration of the ISratio of each HFB standard with TFA was run in triplicate. 

The average integration and standard deviation of each the HFB and the TFA peaks were 

determined. The mathematical operations to calculate the ISratio were multiplication 

and/or division. Equation B-1 was used to propagate the error. An example of the 

calculations in Microsoft Excel is shown in Figure B-1. 

% 𝐸𝑟𝑟𝑜𝑟 = √(
𝑆𝑇𝐷𝑉𝐻𝐹𝐵

𝐴𝑟𝑒𝑎𝐻𝐹𝐵
)

2

+ (
𝑆𝑇𝐷𝑉𝑇𝐹𝐴

𝐴𝑟𝑒𝑎𝑇𝐹𝐴
)

2

                     Equation B-1 

This % error was then used to calculate the variability of the quantification of the moles 

of fluorine. This calculation multiplies the calculated moles of fluorine by the % error of 
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the corresponding HFB standard. This calculation includes the assumption that the 

calculated moles of fluorine from the HFB standard was an exact number. When the total 

moles of fluorine are added together, a new error calculation was made using Equation B-

2, where n is the number of values being added or subtracted together.  

𝑇𝑜𝑡𝑎𝑙 𝐸𝑟𝑟𝑜𝑟 = √(𝐸𝑟𝑟𝑜𝑟1)2 + (𝐸𝑟𝑟𝑜𝑟2)2 + ⋯ (𝐸𝑟𝑟𝑜𝑟𝑛)2         Equation B-2 

 

  

Figure B-1. Example of ISratio calculations in Microsoft Excel.   

B.6 Fluorine Mass Balance 

Table B-2. 2-Trifluoromethylphenol (2-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 40 minutes of photolysis in a pH 5 acetate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
2-TFMP 30.85 0.22 

Total 30.85 0.22 

Photolyzed 

2-TFMP 3.22 0.02 

Product F 8.33 0.06 

Fluoride 20.37 0.15 

Total 31.93 0.16 
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Table B-3. 2-Trifluoromethylphenol (2-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 6 minutes of photolysis in a pH 7 phosphate 

buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
2-TFMP 33.77 0.30 

Total 33.77 0.30 

Photolyzed 

2-TFMP 3.58 0.03 

Fluoride 29.65 0.22 

Total 33.22 0.22 

 

Table B-4. 2-Trifluoromethylphenol (2-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 0.5 minutes of photolysis in a pH 10 borate 

buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
2-TFMP 33.87 0.25 

Total 33.87 0.25 

Photolyzed 

2-TFMP 1.02 3.3 ×10-3 

Product E 0.68 2.2×10-3 

Fluoride 35.28 0.11 

Total 36.99 0.11 

 

Table B-5. 2-Trifluoromethylphenol (2-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 4 minutes of photolysis in a pH 7 phosphate 

buffer with 1 mM H2O2.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
2-TFMP 39.53 0.31 

Total 39.53 0.31 

Photolyzed 

2-TFMP 8.65 0.06 

Fluoride 26.10 0.19 

Total 34.74 0.20 
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Table B-6. 2-Trifluoromethylphenol (2-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 0.5 minutes of photolysis in a pH 10 borate buffer 

with 0.5 mM SO3
-2.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
2-TFMP 34.34 0.15 

Total 34.34 0.15 

Photolyzed 

2-TFMP 0.82 3.6×10-3  

Product E 1.02 4.4 ×10-3  

Fluoride 37.74 0.16 

Total 39.58 0.16 

 

Table B-7. 3-Trifluoromethylphenol (3-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 40 minutes of photolysis in a pH 5 acetate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
3-TFMP 56.08 0.18 

Total 56.08 0.18 

Photolyzed 

3-TFMP 9.28 0.07 

Fluoride 50.35 0.40 

Total 59.63 0.41 

 

Table B-8. 3-Trifluoromethylphenol (3-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 40 minutes of photolysis in a pH 7 phosphate 

buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
3-TFMP 59.45 0.38 

Total 59.45 0.38 

Photolyzed 

3-TFMP 1.03 4.5×10-3 

Fluoride 55.01 0.24 

Total 56.04 0.24 
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Table B- 9. 3-Trifluoromethylphenol (3-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 1 minute of photolysis in a pH 10 borate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
3-TFMP 64.34 0.54 

Total 64.34 0.54 

Photolyzed 

3-TFMP 5,68 0.05 

Fluoride 64.32 0.54 

Total 70.00 0.54 

 

Table B- 10. 3-Trifluoromethylphenol (3-TFMP) parent 

and photoproduct mass balance as total moles of fluorine 

before and after 6 minutes of photolysis in a pH 7 

phosphate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
3-TFMP 57.43 0.46 

Total 57.43 0.46 

Photolyzed 

3-TFMP 23.84 0.18 

Fluoride 29.16 0.22 

Total 53.00 0.28 

 

Table B-11. 3-Trifluoromethylphenol (3-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 1 minute of photolysis in a pH 10 borate buffer 

with 0.5 mM SO3
-2.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
3-TFMP 50.62 0.37 

Total 50.62 0.37 

Photolyzed 

3-TFMP 4.55 0.03 

Fluoride 50.07 0.37 

Total 54.62 0.37 
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Table B-12. 4-Trifluoromethylphenol (4-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 40 hours of photolysis in a pH 5 acetate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
4-TFMP 30.53 0.13 

Total 30.53 0.13 

Photolyzed 

4-TFMP 10.89 0.05 

Product C 6.82 0.03 

TFA 1.67 7.3×10-3 

Fluoride 14.19 0.06 

Total 33.57 0.08 

 

Table B-13. 4-Trifluoromethylphenol (4-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 6 hours of photolysis in a pH 7 phosphate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
4-TFMP 33.75 0.15 

Total 33.75 0.15 

Photolyzed 

4-TFMP 7.13 0.02 

Fluoride 26.47 0.09 

Total 33.60 0.09 

 

Table B-14. 4-Trifluoromethylphenol (4-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 25 minutes of photolysis in a pH 10 borate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
4-TFMP 32.76 0.11 

Total 32.76 0.11 

Photolyzed 

4-TFMP 3.84 0.03 

Product D 0.91 7.6 ×10-3 

Fluoride 38.30 0.32 

Total 43.05 0.32 
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Table B-15. 4-Trifluoromethylphenol (4-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 20 minutes of photolysis in a pH 7 phosphate 

buffer with 1 mM H2O2.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
4-TFMP 34.45 0.22 

Total 34.45 0.22 

Photolyzed 

4-TFMP 7.08 0.03 

Product A 7.11 0.03 

TFA 0.86 3.7×10-3 

Fluoride 13.58 0.06 

Total 28.63 0.07 

 

Table B-16. 4-Trifluoromethylphenol (4-TFMP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 20 minutes of photolysis in a pH 10 borate buffer 

with 0.5 mM SO3
-2.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
4-TFMP 36.05 0.26 

Total 36.05 0.26 

Photolyzed 

4-TFMP 1.42 0.01 

Product D 1.19 0.01 

Fluoride 38.46 0.32 

Total 41.06 0.32 

 

Table B-17. 4-Trifluoromethylphenol (4-TFMP) parent and 

product mass balance as total moles of fluorine before and 

after 6 hours of hydrolysis in a pH 7 phosphate buffer. 

Sample Name [Fluorine] 

(moles) 

Error ± 

Unhydrolyzed 
4-TFMP 36.77 0.24 

Total 36.77 0.24 

Hydrolyzed 

4-TFMP 8.16 0.04 

Fluoride 28.34 0.12 

Total 36.50 0.13 
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Table B-18. 4-Trifluoromethylphenol (4-TFMP) parent and 

product mass balance as total moles of fluorine before and 

after 1 hour of hydrolysis in a pH 10 borate buffer. 

Sample Name [Fluorine] 

(moles) 

Error ± 

Unhydrolyzed 
4-TFMP 31.32 0.14 

Total 31.32 0.14 

Hydrolyzed 

4-TFMP 0 0 

Product B 0.80 3.4×10-3 

Fluoride 36.78 0.16 

Total 37.58 0.16 

 

Table B-19. 4-Trifluoromethylphenol (4-TFMP) parent and 

product mass balance as total moles of fluorine before and 

after 1 hour of hydrolysis in a pH 7 phosphate buffer with 1 

mM H2O2. 

Sample Name [Fluorine] 

(moles) 

Error ± 

Unhydrolyzed 
4-TFMP 34.36 0.15 

Total 34.36 0.15 

Hydrolyzed 

4-TFMP 7.05 0.05 

Product A 0.64 4.6 ×10-3 

Fluoride 35.22 0.26 

Total 42.91 0.26 

 

Table B-20. 4-Trifluoromethylphenol (4-TFMP) parent and 

product mass balance as total moles of fluorine before and 

after 1 hour of hydrolysis in a pH 10 borate buffer with 0.5 

mM sulfite. 

Sample Name [Fluorine] 

(moles) 

Error ± 

Unhydrolyzed 
4-TFMP 34.87 0.11 

Total 34.87 0.11 

Hydrolyzed 

4-TFMP 0 0 

Product B 0.94 6.8×10-3  

Fluoride 42.20 0.31 

Total 43.14 0.31 
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Table B-21. 2-Fluorophenol (2-FP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 6 hours of photolysis in a pH 5 acetate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
2-FP 10.34 0.03 

Total 10.34 0.03 

Photolyzed 

2-FP 2.90 0.02 

Fluoride 8.18 0.05 

Total 11.08 0.06 

 

Table B-22. 2-Fluorophenol (2-FP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 2 hours of photolysis in a pH 7 phosphate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
2-FP 10.89 0.05 

Total 10.89 0.05 

Photolyzed 

2-FP 2.23 0.02 

Fluoride 11.49 0.08 

Total 23.73 0.08 

 

Table B-23. 2-Fluorophenol (2-FP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 5 minutes of photolysis in a pH 10 borate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
2-FP 11.89 0.10 

Total 11.89 0.10 

Photolyzed 

2-FP 5.42 0.04 

Fluoride 11.40 0.10 

Total 16.82 0.11 
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Table B-24. 3-Fluorophenol (3-FP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 4 hours of photolysis in a pH 5 acetate buffer.  

Sample Name 
[Fluorine] 

(moles) 
Error ± 

Unphotolyzed 
3-FP 12.26 0.10 

Total 12.26 0.10 

Photolyzed 

3-FP 3.55 0.10 

Fluoride 10.22 0.03 

Total 13.78 0.04 

 

Table B-25. 3-Fluorophenol (3-FP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 4 hours of photolysis in a pH 7 phosphate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
3-FP 13.48 0.09 

Total 13.48 0.09 

Photolyzed 

3-FP 2.75 0.01 

Fluoride 10.69 0.05 

Total 13.44 0.05 

 

Table B-26. 3-Fluorophenol (3-FP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 8 minutes of photolysis in a pH 10 borate buffer.  

Sample Name 
[Fluorine] 

(moles) 
Error ± 

Unphotolyzed 
3-FP 15.55 0.13 

Total 15.55 0.13 

Photolyzed 

3-FP 4.95 0.04 

Fluoride 11.10 0.08 

Total 16.04 0.09 
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Table B-27. 4-Fluorophenol (4-FP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 20 minutes of photolysis in a pH 5 acetate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
4-FP 9.05 0.03 

Total 9.05 0.03 

Photolyzed 

4-FP 1.67 0.03 

Fluoride 9.87 0.04 

Total 11.55 0.08 

 

Table B-28. 4-Fluorophenol (4-FP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 20 minutes of photolysis in a pH 7 phosphate 

buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
4-FP 9.33 0.06 

Total 9.33 0.06 

Photolyzed 

4-FP 2.94 0.01 

Fluoride 9.80 0.04 

Total 12.74 0.04 

 

Table B-29. 4-Fluorophenol (4-FP) parent and 

photoproduct mass balance as total moles of fluorine before 

and after 3 minutes of photolysis in a pH 10 borate buffer.  

Sample Name 
[Fluorine] 

(moles) 
Error ± 

Unphotolyzed 
4-FP 9.02 0.04 

Total 9.02 0.04 

Photolyzed 

4-FP 4.44 0.02 

Fluoride 7.97 0.03 

Total 12.41 0.04 
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Table B-30. Fluoxetine parent and photoproduct mass 

balance as total moles of fluorine before and after 4 hours 

of photolysis in a pH 7 phosphate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
FLX 41.32 0.12 

Total 41.32 0.12 

Photolyzed 

FLX 9.60 0.04 

Product A 7.35 0.03 

Product C 0.92 4.0×10-3 

TFA 0.82 3.6×10-3 

Fluoride 15.10 0.07 

Total 33.79 0.08 

 

Table B-31. Fluoxetine parent and photoproduct mass 

balance as total moles of fluorine before and after 2 hours 

of photolysis in a pH 10 borate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
FLX 38.83 0.31 

Total 38.83 0.31 

Photolyzed 

FLX 13.0 0.10 

Fluoride 17.37 0.13 

Total 30.37 0.16 

 

Table B-32. Fluoxetine parent and photoproduct mass 

balance as total moles of fluorine before and after 10 

minutes of photolysis in a pH 7 phosphate buffer with 1 

mM H2O2.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
FLX 25.22 0.11 

Total 25.22 0.11 

Photolyzed 

FLX 5.08 0.04 

Product A 4.71 0.04 

Product B 2.16 0.02 

TFA 1.57 0.01 

Fluoride 10.66 0.08 

Total 24.18 0.10 
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Table B-33. Fluoxetine parent and photoproduct mass 

balance as total moles of fluorine before and after 20 

minutes of photolysis in a pH 10 borate buffer with 0.5 mM 

SO3
-2.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 
FLX 26.22 0.19 

Total 26.22 0.19 

Photolyzed 

FLX 10.25 0.07 

Product C 2.26 0.02 

Fluoride 15.83 0.11 

Total 28.34 0.14 

 

Table B-34. Sitagliptin parent and photoproduct mass 

balance as total moles of fluorine before and after 96 hours 

of photolysis in a pH 7 phosphate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 

Parent 1a 21.09 2.61 

Parent 1b 20.16 2.49 

Parent 2a 9.20 1.14 

Parent 2b 6.82 0.84 

Parent 3 15.17 1.88 

Parent 4a 6.46 0.80 

Parent 4b 7.65 0.95 

Total 86.55 4.48 

Photolyzed 

Parent 1a 17.12 0.16 

Parent 1b 16.30 0.15 

Parent 2a 7.71 0.07 

Parent 2b 5.82 0.05 

Parent 3 10.34 0.01 

Parent 4a 4.86 0.04 

Parent 4b 6.30 0.06 

Product A 0.80 7.4×10-3 

Product D 1.36 0.01 

Product E 2.29 0.02 

Product F 2.34 0.02 

Product G 6.61 0.06 

Product I 3.82 0.04 

Product J 1.62 0.01 

Product K 0.86 7.9×10-3 

Fluoride 21.81 0.20 

Total 109.97 0.34 
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Table B-35. Sitagliptin parent and photoproduct mass 

balance as total moles of fluorine before and after 40 hours 

of photolysis in a pH 10 borate buffer.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 

Parent 1a 22.63 0.18 

Parent 1b 17.28 0.14 

Parent 2a 8.84 0.07 

Parent 2b 7.04 0.06 

Parent 3 13.92 0.11 

Parent 4a 5.29 0.04 

Parent 4b 8.81 0.07 

Total 83.81 0.28 

Photolyzed 

Parent 1a 6.09 0.03 

Parent 1b 4.98 0.02 

Parent 2a 4.25 0.02 

Parent 2b 3.89 0.02 

Parent 3 3.91 0.02 

Parent 4a 2.44 0.01 

Parent 4b 2.95 0.01 

Product A 0.65 2.8×10-3 

Product B 0.76 3.3×10-3 

Product E 0.88 3.8×10-3 

Product F 0.90 3.9×10-3 

Product G 4.15 0.02 

Product H 2.36 0.01 

Product I 0.68 3.0×10-3 

Product J 0.66 2.9×10-3 

Product K 6.12 0.03 

Fluoride 20.27 0.09 

Total 65.94 0.11 
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Table B-36. Sitagliptin parent and photoproduct mass 

balance as total moles of fluorine before and after 2 hours 

of photolysis in a pH 7 phosphate buffer with 2 mM H2O2.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 

Parent 1a 31.88 0.29 

Parent 1b 25.80 0.24 

Parent 2a 13.91 0.13 

Parent 2b 10.95 0.10 

Parent 3 21.85 0.20 

Parent 4a 8.38 0.08 

Parent 4b 11.88 0.11 

Total 124.65 0.48 

Photolyzed 

Parent 1a 11.32 0.08 

Parent 1b 13.87 0.10 

Parent 2a 6.49 0.05 

Parent 2b 4.86 0.05 

Parent 3 6.39 0.05 

Parent 4a 3.17 0.02 

Parent 4b 4.12 0.03 

Product D 1.82 0.01 

Product E 1.88 0.01 

 Product F 8.59 0.06 

 Product G 3.87 0.03 

 Product H 4.44 0.03 

 Product J 0.32 2.4×10-3 

 Product K 0.83 6.1×10-3  

 Fluoride 32.96 0.24 

 Total 104.94 0.30 
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Table B-37. Sitagliptin parent and photoproduct mass 

balance as total moles of fluorine before and after 2 hours 

of photolysis in a pH 10 borate buffer with 0.5 mM SO3
-2.  

Sample Name [Fluorine] 

(moles) 

Error ± 

Unphotolyzed 

Parent 1a 24.07 2.98 

Parent 1b 16.45 2.04 

Parent 2a 10.33 1.28 

Parent 2b + 

Fluoride 
8.32 1.03 

Parent 3 21.05 2.60 

Parent 4a 6.49 0.80 

Parent 4b 8.00 0.99 

Total 94.71 4.91 

Photolyzed 

Parent 1a 29.56 0.21 

Parent 1b 4.63 0.03 

Parent 2a 5.26 0.04 

Parent 2b + 

Fluoride 
13.62 0.10 

Parent 3 10.26 0.07 

Parent 4a 4.20 0.03 

Parent 4b 5.77 0.04 

Product C 1.14 8.0×10-3  

Product D 3.56 0.02 

Product G 3.94 0.03 

Product I 2.93 0.02 

Product K 4.63 0.03 

Total 89.50 0.25 

 

B.7 Fluoride NMR Spectra 

To quench hydrolysis reactions, addition of 6 µL of 1 M HCl to each NMR tube 

was done. This lowered the pH to a value where HF formed. NMR peaks appeared in the 

Ar-F range and were thought to be organofluorine photoproducts. Upon further 

investigation it was determined that these peaks were products of HF and the boron from 

the boric acid buffer (Figure B-2 and B-3). This reaction only occurred when the pH was 

below the pKa of HF, above the pKa, the fluoride ion cannot undergo these reactions. 

Only the HF peak was present when acid was added to the phosphate buffer, further 
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suggesting reactions with the boric acid matrix. The multiple peaks could be due to the 

presence of both 10B and 11B isotopes.116 For this reason, quenching the hydrolysis 

reaction after photolysis with acid was not implemented for NMR analysis. It was 

however, used for quenching the hydrolysis of the time-zero point because no fluorine 

was formed at that point.   

H3BO3 + 3 HF →  HBF3(OH) + 2 H2O 

HBF3(OH) + HF → HBF4 +H2O 

Figure B-2. Reaction mechanism of boric acid with HF to form BF 

containing molecules.117  
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Figure B-3. 19F-NMR spectra of 1 mM fluoride in a pH 7 

phosphate buffer with the addition of 6 µL of 1 M HCl (I) 

and in a pH 10 boric acid buffer with the addition of 6 µL 

1 M HCl (II) and without (III). With no acid added, the 

fluoride peak (F-) is a singlet in the range of -121.5 ppm, 

as shown in (a), this is the typical fluoride peak observed 

in other NMR spectra. With the addition of the acid in the 

phosphate buffer the fluoride NMR peak shifts downfield, 

and in the boric acid buffer the fluoride peak shifts 

downfield and forms many different peaks, as shown in 

(b).  
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 Additional Mass Spectrometry Data 

Sitagliptin MS and MS/MS ion spectra of the parent and possible products formed 

during photolysis in a 10 mM pH 7 phosphate buffer. Possible product MS data were 

taken from the final photolyzed sample at 96 hours.  

Table C-1. Sitagliptin photoproduct identification by LC-HRMS. All products 

were derived from the parent compound, with oxygen being the only atom 

allowed to be added to the structure.  

Elution 

Time 

(min) 

Structure Area [M+H] 

19.7 a 

 

5.08 × 109 408.12482 

19.4 

 

2.18 × 107 406.12965 

25.5 

 

1.82 × 107 424.12027 

27.2 

 

4.26 × 107 407.09378 

28.5 

 

1.73 × 108 439.08332 

a Denotes parent molecule 
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Table C-2. MS/MS fragmentation data for identified photoproducts of sitagliptin with 

masses and possible chemical formulas. If a reasonable structure was able to be made, it 

is shown.  

a Denotes the parent compound. 

Elution 

Time 

(min) 

MS/MS [M] [+ ion] Possible Chemical 

Formula 

Possible Structure 

a19.7 174.05257 +H C8H7NF3 

 

19.4 329.08212 +H C14H9F5N4  

25.5 242.07870 +H C12H10F3NO  

27.2 254.07827 +H C8H9F4N4O  

28.5 395.09362 +Na C15H15F3N4O4 
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Figure C-1. Parent Sitagliptin MS (a) and MS/MS fragmentation (b) spectra. 

 

Figure C-2. Predicted MS isotope ratio, based on chemical formula of 

C16H16F6N5O
+, which matches the spectra for the parent sitagliptin molecule (a) and 

MS/MS isotope ratio based on chemical formula of C8H7F3N
+, which matches the 

actual spectra (b).  

 

a) b)
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Figure C-3. Possible photoproduct MS (a) and fragmentation (b) 

data. The possible photoproduct had a retention time of 19.4 minutes. 

 

Figure C-4. Predicted MS isotope ratio, based on chemical formula of 

C16H17F5N5O2
+, which matches the spectra for the proposed chemical formula for 

the possible photoproduct (a) and MS/MS isotope ratio based on the chemical 

formula of C14H10F5N4
+, which matches the actual spectra (b).  

 

 

 

a) b)
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Figure C-5. Possible photoproduct with a retention time of 25.5 

minutes MS (a) and MS/MS fragmentation (b) data.  

 

Figure C-6. Predicted MS isotope ratio, based on chemical formula of 

C16H16F6N5O2
+, which matches the spectra for the proposed chemical formula for 

the possible photoproduct (a) and MS/MS isotope ratio based on the chemical 

formula of C12H11F3NO+, this isotope ratio is not observed in the actual spectra (b).  

 

 

a) b)
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Figure C-7. Possible photoproduct with a retention time of 27.3 minutes 

MS (a) and MS/MS fragmentation (b) data. 

 

Figure C-8. Predicted MS isotope ratio based on chemical formula of 

C16H13F6N4O2
+, which matches the spectra for the proposed chemical formula for 

the possible photoproduct (a) and the MS/isotope ratio based on the chemical 

formula of C10H7F3N
+, which matches the actual spectra. 

 

a) b)
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Figure C-9. Possible photoproduct with a retention time of 28.5 minutes 

MS (a) and MS/MS fragmentation (b) data.  

 

 

Figure C-10. Predicted MS isotope ratio based on chemical formula of 

C16H13F6N4O4
+, which matches the spectra for the proposed chemical formula 

for the possible photoproduct (a) and MS/MS isotope ratio based on the 

chemical formula of C15H15F3N4O4Na+, which have the same m/z values but 

differ in ratio (b).   

 

 

a) b)


