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Fluorine incorporation into organic molecules has m vl
increased due to desirable changes in the molecular physiochem- ETEEEE ~ \\\ -
ical properties. Common fluorine motifs include: aliphatic fluorines P S’ L E
and —CF;, or —F containing groups bonded directly onto an /7 111 \ \ £ ~._ =
T

aromatic (Ar—CF; and Ar—F) or heteroaromatic ring. Photolysis OH OH
of these compounds, either in natural or engineered systems, is a @[
potential source of new fluorinated byproducts. Given the potential
persistence and toxicity of fluorinated byproducts, monitoring of __H o - -
product formation during photolysis of various fluorinated motifs =~ ~ \©% — I Pl .

is needed. "F-NMR is a means to detect and quantify these - NSNS B9 RN Y B %@
species. Ar—CF; and Ar—F model compounds (2-, 3-, and 4- i » I >, A
(trifluoromethyl)phenol, 2-, 3-, 4-fluorophenol, and 2,6-, 3,5-
difluorophenol) were photolyzed under a variety of aqueous
conditions: pH S, pH 7, pH 10, 1 mM H,0, at pH 7 to form ¢OH, and 0.5 mM SO,> at pH 10 to form e,q - Pharmaceuticals with
the Ar—CF; (fluoxetine) and Ar—F plus pyrazole-CF; (sitagliptin) motifs were treated similarly. Parent molecule concentrations
were monitored with high pressure liquid chromatography with a UV detector. Fluorine in the parent and product molecules was
quantified with "F-NMR and complete fluorine mass balances were obtained. High resolution mass spectrometry was used to
further explore product identities. The major product for Ar—F compounds was fluoride. The Ar—CF; model compounds led to
fluoride and organofluorine products dependent on motif placement and reaction conditions. Trifluoroacetic acid was a product of
4-(trifluoromethyl)phenol and fluoxetine. Additional detected fluoxetine products identified using mass spectrometry resulted from
addition of —OH to the aromatic ring, but a dealkylation product could not be distinguished from fluoxetine by '’F-NMR. Sitagliptin
formed multiple products that all retained the pyrazole-CF; motif while the Ar—F motif produced fluoride. '"F-NMR, mass
spectrometry, and chromatography methods provide complementary information on the formation of fluorinated molecules by
modification or fragmentation of the parent structure during photolysis, allowing screening for fluorinated photoproducts and
development of fluorine mass balances.
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date.”® Since the first fluorinated drug, fludrocortisone, came to

Fluorinated compounds derived from natural processes are rare market in 1954, over 150 other fluorinated drugs have followed.
in the environment, despite fluorine being the 13th most
abundant element in the Earth’s crust.”> The majority of Some of the most common drugs, fluoxetine (Prozac),

fluorine is found in its mineral form of fluorite which is not
bioavailable.”” While roughly 3700 organohalides naturally
occur in the environment, only 30 contain fluorine."”* Contrary
to naturally derived molecules, the presence of fluorine is
widespread in anthropogenic compounds, and its use is
becoming more common. In 2010, 20% of administered drugs
contained fluorine, with an increasing trend.”~” In 2018, 17 new
pharmaceuticals that contained fluorine were approved by the
U.S. Food and Drug Administration, which was the most ever to

atorvastatin (Lipitor), and ciprofloxacin (Ciprobay), contain
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fluorine and generate billions of dollars in revenue indicating
widespread use.”"”

The incorporation of fluorine in pharmaceuticals and
agrochemicals affects the physiochemical properties.”'' The
addition of fluorine to a molecule yields desirable effects
including metabolic stability, thermal stability, change in pK,
values, increased lipophilicity and polarity, and increased
membrane permeability.'> Substituting a hydrogen for a fluorine
atom in a drug can alter the biological function of the
molecule®"” and minimally changes the steric and geometric
structure relative to the entire molecule.'* Fluorine, being a
highly electronegative atom, forms a strong bond with carbon.'”
This strong bond dissociation energy leads to favorable
properties such as high resistance to oxidative and thermal
stresses'* and a longer half-life within the body due to increased
metabolic stability and thus an increased time over which the
drug is effective.'” Fluorine can be added to a variety of
functional groups within a molecule. These motifs include aryl-
F, benzylic-CF;, heteroaromatic fluorine (e.g, fluorinated
pyrazoles), —O—CF;, —S—CF;, and aliphatic-fluorine (Figure
1).5’18 Ar—CF;, Ar—F, and alkyl-F contribute to about 45.3,
14.6, and 14.9% of total organofluorine present in pharmaceut-
icals.’

Organofluorine compounds found in surface water, sediment,
and groundwater can be attributed to human activity because
few fluorine-containing molecules naturally occur.” Poly- and
perfluoroalkyl substances (PFAS) are highly fluorinated
chemicals used throughout industry with a wide variety of
applications. PFAS are largely persistent and are transported
globally," with few known biotic or abiotic transformations.
While PFAS have received considerable attention within
environmental research, many other compounds are of interest
such as fluorinated agrochemicals and pharmaceuticals. The
persistence and environmental degradation products of these
fluorinated molecules remains less well-studied. Furthermore,
pharmaceutical residues have been detected in almost all
environmental matrices such as groundwater and surface
water, including the scarcely populated polar regions.”
Wastewater treatment plants (WWTP) are a point source of
pharmaceuticals, including antidepressants (e.g., fluoxetine) and
antidiabetic medications (e.g., sitagliptin), in the environment.”’
Hospital effluent is another source that is rich in pharmaceuticals
that may be discharged to surface waters. A study in Japan
showed detection of 41 pharmaceuticals, antiseptics, and other
healthcare drugs in a hospital effluent.”’ The study showed eight
compounds in a downstream WWTP linked to the hospital
waste. Commonly used fluorinated pharmaceuticals such as
fluoxetine and sitagliptin have been found to be present and
persist in surface waters (e.g, levels of 1-100 ng g~' on
suspended sediments in rivers).22 In rural areas, agriculture,
animal husbandry, and aquaculture are the likely the main
sources of (fluorinated) anthropogenic compounds in surface
water.”

While biotic degradation of pharmaceuticals can occur,
abiotic transformation by photolysis is an important degradation
pathway that leads to the formation of largely unknown
byproducts.”* Because pharmaceuticals are designed to be
stable in aqueous solutions and biological systems, photolysis is
an important degradation pathway to consider in the environ-
ment and in water treatment systems. In natural waters, direct
photolysis occurs when the compound of interest is capable of
absorbing solar photons, leading to chemical transformations.
Indirect photolysis may occur when other reactive species, such
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Figure 1. (A) Examples of fluorinated motif structures commonly
found in pharmaceuticals and (B) model fluorinated compounds and
pharmaceuticals chosen for the current study. The model compounds
are 2-(trifluoromethyl)phenol (1a), 3-(trifluoromethyl)phenol (1b), 4-
(trifluoromethyl)phenol (1c), 2-fluorophenol (2a), 4-fluorophenol
(2b), 3-fluorophenol (2c), 2,6-difluorophenol (3a), 3,5-difluorophenol
(3b), and the pharmaceuticals fluoxetine (4a) and sitagliptin (4b).

as hydroxyl radical (éOH), are generated and react with the
compound of interest, leading to transformation rate constants
typically near diffusion-controlled limits (10°—10' M~! s71).>
Additionally, OH is relevant in advanced oxidation processes
(AOPs) used in water treatment plants to remove and transform
organic micropollutants.””*’ The hydrated electron (exq )
generated when sulfite ions are activated by UV, is a highly
reactive and short-lived species, but it is of importance in
reductive degradation of highly oxidized species. Recent work
has shown that e,,~ generated in advance reductive processes
(ARPs) are able to defluorinate highly stable compounds, such
as PFAS.***

The identity and toxicity of the reaction products produced
from fluorinated compounds also need to be studied. For
example, trifluoroacetic acid (TFA) is formed from certain
fluorinated pharmaceuticals during the UV/ozonation process
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at WWTPs.”® While TFA was previously believed to be naturally
occurring, recent studies show that this may be due to
inadequate analytical techniques.”’ In Germany it was noted
that the concentration of TFA in rivers was higher than expected
(>100 pg/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—CF,).*° This was thought to be the reason for
the high concentration of TFA in German rivers. TFA was not
found to be a risk to human health at the concentrations being
detected in surface waters.*” It should be noted, however, that
TFA has little to no degradation pathways in the environment
and can accumulate.’® It is of concern whether photolysis
reactions lead to minor structural modification with retention of
the fluorinated motif, new persistent fluorinated compounds, or
fluoride.

Identification of fluorinated reaction products from photolysis
processes has only received limited attention.”*™*” Thus,
fluorinated products formed via degradation of these com-
pounds may pose unforeseen consequences such as production
of benzoic acids via the photolysis of trifluoromethylphenyl
dervatives.”® To better understand the degradation pathways of
these fluorinated compounds in the environment, reliable
detection methods must first be established. Nuclear magnetic
resonance (NMR) is a means to identify chemical structures of
compounds, and using NMR to detect '°F, which is 100%
abundant, gives YF.NMR an advantage over NMR analyses of
other nuclei in terms of both sensitivity and lack of background
signals from solvents and buffers. Using '’F-NMR allows rapid
identification of the chemical environment of the fluorine, and
thus whether degradation occurs via structural modification of
the molecule (and retention of the fluorine functional group),
production of new fluorine-containing functional groups, or
defluorination to produce fluoride based on the chemical shifts
observed in the NMR spectrum over time. Quantification of
organofluorine and fluoride concentrations using NMR is
possible using standards with known concentrations of fluorine.
The use of a capillary tube for an internal standard has been
adopted and is a viable way to obtain quantitative information
from NMR spectra.””*"

F-NMR has been previously used to track the herbicide
trifluralin in a matrix containing organic matter.”' It was
determined that some soils did not degrade the parent
compound while other soil types completely transformed the
parent into various metabolites. In the study, the '"F peak
broadened after being exposed to the soil organic matter,
suggesting that covalent bonding was the mechanism of sorption
to the tested soils.*"** The use of ’F-NMR was also used for the
detection and quantification of fluorinated acids in rainwater,
including trifluoroacetic acid.”’ The F-NMR analysis of the
environmental samples matched the concentrations found using
gas chromatography—mass spectrometry, further proving that
YE-NMR can be used to both rapidly identify and quantify
fluorinated compounds in environmental samples.

Here we focus our study on several fluorinated phenol model
compounds (Figure 1) covering key motifs (Ar—F and Ar—CF;)
and two pharmaceutical compounds (fluoxetine and sitagliptin)
under direct and indirect photolysis/advanced treatment
conditions that produce ®OH or e,; . The fluorinated phenol
model compounds were chosen because they have sufficient
solubility for study, have slow hydrolysis reactions, and represent
substructures present in pharmaceutical compounds. We
evaluated and quantified all fluorine photoproducts at the end
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of photolysis for each compound in each aqueous matrix.
Kinetics of degradation were studied by monitoring parent
compound concentrations. The varied effects of each photolysis
condition on each studied fluorine motif were observed with
respect to byproducts formed. Finally, liquid chromatography
high resolution mass spectrometry was used to compare
detected byproducts to '"F-NMR results.

Chemical sources and purities are given in the Supporting Information
(SI; Section 1).

Acetate (pH ), phosphate (pH 7), and borate (pH 10) buffers, each at
10 mM, were prepared and used in the photolysis experiments. Stock
solutions of compounds of interest at 1—2 mM were prepared in Milli-
Q water and stored in the dark at 4 °C. The stock solutions were diluted
into the buffer matrix to a concentration of 10 M. Hydrogen peroxide
was added to achieve a concentration of 1 mM into the pH 7 buffer
matrix to study the reaction with ¢OH. Sodium sulfite was added at a
concentration of 0.5 mM into the pH 10 buffer matrix to study the
reaction with eaq’fm_48

Irradiation was performed using a medium pressure polychromatic-
source mercury vapor lamp apparatus consisting of a 450-W UV
immersion lamp, a quartz immersion well with cooling water
circulation, and a Pyrex 7740 absorption sleeve with a cutoff value of
280 nm (Ace Glass) such that the wavelengths are environmentally
relevant and sufficient to generate the desired reactive species. A
carousel was placed around the lamp such that the test tubes were
rotated around the center of the lamp to ensure uniform light exposure
on each test tube.

The compounds of interest at a concentration of 10 yM in a pH 5
buffer, pH 7 buffer, pH 10 buffer, pH 7 buffer with an excess of 1 mM
hydrogen peroxide, or pH 10 buffer with an excess of 0.5 mM sodium
sulfite were poured into quartz test tubes, one of which was wrapped in
aluminum foil and used as a dark control. Samples were capped with
cork stoppers, which did not touch the aqueous solution, and placed in
the carousel. Each experiment was performed in triplicate.

A minimum of 5 time points were taken to monitor parent compound
concentrations using high pressure liquid chromatography (HPLC).
An Agilent 1100 series HPLC with a variable wavelength UV detector
was used for analysis. Sampling procedures and HPLC conditions for
each compound of interest are provided in the SI (Section 2, Table S1).
First-order rate constants were determined by plotting In(C/C,) with
respect to time. Note that measurements of direct photolysis quantum
yields and bimolecular reaction rate constants with reactive radicals
were not a goal of this study.

Wilmad 7-in. length class A glass S00 MHz NMR tubes with S mm outer
diameter were used for analysis. All aqueous NMR samples contained
10% D,0 (v/v). In the case for the phenolic model compounds in the
pH 10 matrix, an additional 1.2% (v/v) of 1 M HCl was added to the
NMR tube to prevent hydrolysis of any residual parent or photo-
products. Samples analyzed were an unphotolyzed sample and a sample
at the completion of photolysis, where at least 1 to 2 log reduction in
concentration was observed with HPLC. Hexafluorobenzene (HFB)
was enclosed in a sealed melting-point capillary tube, placed in the
NMR tube, and used as a chemical shift reference (—164.9 ppm) and an
internal standard to quantify the fluorine in each sample. A 600 MHz
Avance Neo NMR equipped with a 5 mm three channel TCI inverse
cryoprobe for '’F NMR spectral acquisition without 'H decoupling was
used to determine and quantify the fluorinated parent compound and
any fluorinated products from the photolysis experiments. A delay time
of 10 s, acquisition time of 0.9 s, and number of scans of 1024 were
experimentally determined to give a sufficient signal-to-noise ratio and
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complete longitudinal relaxation for accurate and reproducible
quantitative measurements. For a more detailed explanation of NMR
conditions and parameters, see Section 3 of the SIL

A Velos HRAM LC MS Orbitrap system equipped with a Luna C18
nanocolumn 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 by
volume, which switched to 2:98 water to acetonitrile over the course of
33 min. The flow rate was constant at 0.1 mL/min. The injection
volume was set to 4.0 yL, and the typical detection rage was from a
molecular weight of 100 to 800 m/z. A smaller range (65—300 m/z)
was used to detect smaller molecules (e.g., phenols, TFA). 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. Additional details and the product
identification process, which was largely restricted to molecular
formulas containing fluorine for the pharmaceuticals, are described in
the SI (Section 4). Retention times, areas, and the most abundant ion
masses of peaks were recorded.

Three (trifluoromethyl)phenols (1a—c) were first selected for
an initial evaluation of fluorinated functional group effects on
compound stability during photolysis. Photolysis rates of all
(trifluoromethyl)phenol model compounds were pH depend-
ent, with the rate constants for direct photolysis at pH 10 > pH 7
> pH 5 (Table 1, representative kinetic plot for model 1a in
Figures 2; S4 and S6 for 1b and 1c). For example, the direct
photolysis rate constant for the representative model compound
la at pH 10 was 2 orders of magnitude larger than that at pH 7
(Table 1; Figure 2). The shift of equilibrium toward the
deprotonated form of compounds la—c in the pH 10 buffer
(pK, values 7.74, 8.08, and 8.27 for la, 1b, and Ic,
respectively®”) increases the rate of photolysis of
(trifluoromethyl)phenols due to changes in the absorption
spectra leading to ready excitation of the deprotonated anion
(see UV—visible spectra in Figures S1—S3).”” Given that the pK,
of 1a is 7.74, the presence of some deprotonated 1a at pH 7
explains the faster rate constant compared to 1b and 1c.

With the addition of H,O, to the pH 7 solution, an increase in
the rate constant was observed for compounds la—c. The
addition of SO;*~ had minimal effect in a pH 10 solution for
compounds 1b and 1c but aided in the photolysis of compound
1a. These results indicate that the oxidizing conditions increased
the rate of degradation of Ar—CF; motifs, while the reducing
conditions are effective to a lesser extent. The increase in the rate
constant with addition of H,O, is most pronounced for 1c (68-
fold increase) as compared to 1b (2.3-fold) and least for 1a (1.1-
fold). All three compounds likely react with ¢ OH at close to the
diffusion controlled limit, and the increment in the rate constant
is 4 to Sh™" for each. The much faster direct photolysis of 1a and
1b leads to a lesser overall impact of H,O, addition. One
limitation of the experimental conditions is that experiments
with SO,*~ are usually performed with 254 nm excitation
wavelengths. Thus, in these experiments, we are relying on the
small amount of light <280 nm that the cutoff filter does not
completely eliminate to generate e.,". This choice was made
because irradiating with 254 nm light was likely to lead to rapid
direct photolysis. Because there is acceleration of the reaction
with the addition of SO5>, this is strong evidence that some e

eq
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Table 1. First-Order Photolysis Rate Constants for 2-, 3-, and
4-(Trifluoromethyl)phenols, 2-, 3-, 4-Fluorophenols, 2,6-,
3,5-Difluorophenols, Fluoxetine, and Sitagliptin Using a 450-
W UV Immersion Lamp with a 280 nm Cutoff Value in

Various Aqueous Photolysis Matrices”

compound photolysis conditions rate constant (h™")
(Trifluoromethyl)phenols
la pHS 3.52 £ 0.07
pH7 26.4 % 0.64
pH 10 3.34 X 10> £ 9.34 x 10
1 mM H,0, 30.0 + 1.47
0.5 mM SO;*~ 422 X 10* + 9.38
1b pHS 2.72 + 0.06
pH7 327 +£0.63
pH 10 2.08 X 10 + 7.51
1 mM H,0, 7.80 + 0.20
0.5 mM SO,*~ 2.26 X 10% + 1.36 x 10"
1c pHS 2X 107+ 55%x 107
pH7 0.10 + 0.02
pH 10 1.58 +0.71
1 mM H,0, 6.85 +0.93
0.5 mM SO~ 2.38 + 045
Fluorophenols
2a pHS 0.21 + 0.01
pH 7 0.85 + 0.03
pH 10 16.0 + 0.37
2b pHS 0.17 + 2.5 x 1073
pH7 0.36 + 0.01
pH 10 102 +0.29
2¢ pHS 4.28 +0.10
pH7 417 £ 0.11
pH 10 25.8 + 1.66
Difluorophenols
3a pHS 24 X107+ 8x107*
pH7 032+62x107°
pH 10 1.08 £ 0.02
1 mM H,0, 6.56 + 0.51
0.5 mM SO~ 1.0 + 0.02
3b pHS 21x107%+1x107°
pH7 98X 1072 +£1x107°
pH 10 1.03 + 0.04
1 mM H,0, 2.68 + 0.25
0.5 mM SO,*~ 1.07 +0.19
Pharmaceuticals
4a pH7 0.27 + 0.01
pH 10 0.56 = 0.15
1 mM H,0, 12.1 + 1.54
0.5 mM SO~ 5.79 + 0.95
4b pH7 9.6 X 107 +3.8x 107"
pH 10 3X1072+14x107°
1 mM H,0, 121 +0.04
0.5 mM SO~ 0.43 + 0.06

“The structures and nomenclature are provided in Figure 1. The pH
values were set by acetate, phosphate, and borate for pH S, 7, and 10,
respectively, and the buffered pH for H,0, and SO;>~ were 7 and 10,
respectively. Reported errors are 95% confidence intervals determined
by a weighted average of triplicate samples. Photolysis rate constants
are corrected for losses in dark controls.

was generated, but further studies with more efficiently
generated e.;~ will be needed to fully assess the utility of
ARP:s for the compounds studied herein.
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Figure 2. Photochemical degradation kinetic plots for 2-(trifluoromethyl)phenol (model compound 1a) with photolysis (filled shapes) and dark
controls (equivalent hollow shapes) in (a) pH S buffer (black squares), (b) pH 7 buffer (black circles) and pH 7 buffer with 1 mM H, 0, (red triangles),
and (c) pH 10 buffer (black inverted triangles) and pH 10 buffer with 0.5 mM sulfite (blue diamonds). The photolysis rate constants calculated from
the slopes are 3.52 + 0.07 h™" for pH 5, 26.4 + 0.64 h™" for pH 7, 29.99 + 1.47 h™* for H,0,, 334.1 + 93.45 h™* for pH 10, and 422.4 + 9.38 h™! for
sulfite. Error bars represent the standard deviation of triplicate samples. Reported rate constant errors represent the average 95% confidence interval
determined by regression statistics. Note the change in scales/units along both the x- and y-axes.

The NMR spectra in Figure 3 show three panels with different
chemical shift ranges at which products are observed for the
initial and photolyzed samples in each matrix (compare Figure 3
for la to Figures SS and S7 for 1b and 1c). Fluorinated
photoproduct formation varied with both the position of —CF;
and pH. Using the ""F-NMR spectra and a hexafluorobenzene
internal standard, mass balances were made for a visual
representation of quantification of photolysis products of la—
1c (panel d in Figure 3). At pH S, compound 1a produced two
reaction products: one that is an unidentified singlet but with
chemical shift consistent with an aryl-F>° (product A at —157.8
ppm, broad singlet) and the other product was fluoride (—121.5
ppm). The variation in the chemical shifts of fluoride are
attributed to interactions with F~ caused by pH changes or other
conditions. Prior observations have shown that such variation
can be >1 ppm.”’

At pH 7 with and without H,O, for compound 1a, fluoride
was the only end-product. At pH 10 and with SO,*, fluoride
was the major photoproduct, but another unidentified product
peak that was a broad singlet was found at a shift of —82 ppm.
Different photoproducts for pH S and 10 indicate different
degradation mechanisms for the protonated and deprotonated
phenol forms, and previous studies have shown that mechanism
and product formation is influenced by the formation of quinone
intermediates and their protonation state, with protonated
forms (lower pH) leading to TFA formation.”” Fluoride was the
only photoproduct for compound 1b under all reaction
conditions (Figure 3d). TFA was only observed when —CF,
was in para-position (1c) for pH S, 7, and H,O, experiments but
not for pH 10 and sulfite conditions (Figure 3d). The percentage
of total initial fluorine in 1c that was converted to TFA was 5%,
1.5%, and 3% for pH S, 7, and H,0, matrices, respectively.
Results also indicate that TFA may not be formed from the
deprotonated phenolic species, which is consistent with past
results.”” Further work is needed to assess how functional group
position influences TFA formation and yield. As with 1a,
additional photoproducts (X, Y, and Z, Figure S7) were
observed at pH 5 and 10 for 1c, but the products were near
the parent compound’s chemical shift, i.e. they retained the
—CF; motif. We conclude from these studies and previous work
on (trifluoromethyl)phenols that fluoride is the primary
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photoproduct for all compounds, with TFA only being produced
when the —CF; motif is in the para position.’

Rate constants for the three fluorophenols (2a—c) are given in
Table 1, with 4-fluorophenol reacting most rapidly, and pH 10
giving the fastest rate constant for all compounds. By '’F-NMR,
the only photoproduct observed for all fluorophenol com-
pounds under the conditions studied was fluoride (—121.5
ppm). It must be noted that the fluoride peak may appear broad
in some buffered matrices due to buffer interactions,
inhomogeneities in magnetic field, or shimming of the
instrument, but these issues did not affect the calculated mass
balances.*” It is known that the phenolate can undergo ring
condensation as a photodegradation mechanism. Under basic
conditions, the Ar—F motif can remain on the ring structure.>
Two degradation mechanisms involving ring-condensation form
either fluoride or an organofluorine compound, both requiring
the formation of phenolate, either by the fluorine removing the
hydroxyl hydrogen, or deprotonation above the pK, value
respectively (see Schemes S1 and $2).°»>* The '"F-NMR
spectra of the fluorophenol model compounds only show
fluoride formation at pH values even below the pK,, suggesting
that, if ring-condensation occurs, it is through the mechanism of
hydroxyl hydrogen abstraction by fluoride thereby forming
hydrofluoric acid.”

The difluorophenols (3a, 3b) were photolyzed to examine the
effects of more diversely substituted fluorophenols. Photolysis
rate constants were again highly pH dependent, increasing ~10-
fold from pH 5 to 7 and from pH 7 to 10. The addition of ¢OH
increased the rate constant for both compounds by an order of
magnitude compared to the direct photolysis at pH 7, while
generation of e,;” had a minimal effect. These results indicate
that the presence of hydroxyl radicals increase the rate of loss of
aromatic difluorophenols, while e, have little to no effect. The
YF-NMR spectra showed fluoride production under all
conditions, except at pH S where the extent of transformation
was limited. For 3a (pH 7 conditions) and 3b (pH 7 and sulfite
conditions), minor products (Product K for 3a and L and M for
3b, singlet peaks, Figures S18—S22) close to the parent
compound shift were present indicating a modification of the
ring structure that retained an Ar—F motif. No other products or
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Figure 3. Representative "’F-NMR spectra (a—c) and fluorine mass balance (d) plots for initial (unphotolyzed) and final (photolyzed) samples. Panels
a—c are NMR spectra for 2-(trifluoromethyl)phenol (compound 1a) before photolysis (I, unphotolyzed) and after photolysis in pH S acetate buffer
(1), pH 7 phosphate buffer (III), pH 10 borate buffer (IV), pH 7 buffer with 1 mM H,0, (V), and pH 10 with 0.5 mM SO,*~ (VI). The parent
compound 1a (black star) and product A (NMR shift —82.0 ppm) are shown in panel a, fluoride (F~) production is shown in panel b, and fluorinated
photoproduct singlet peaks with NMR shifts of —157.8 ppm (product B) are shown in panel c. Similar "’F-NMR spectral plots for 1b and 1c are in the
SI. The y-axes scales have been adjusted in panels a—c to display full peaks. The internal standard peak at —164.9 ppm for HFB is not shown. Panel d
displays fluorine quantification for compounds 1a—1c for each matrix (pH S, pH 7, pH 10, pH 7 with 1 mM H,0,, and pH 10 with 0.5 mM SO,>") for
unphotolyzed (initial) and photolyzed (final) samples. Fluoride is the major photolysis product in all cases. Peaks for products A and B from 1a and
products X, Y, and Z from Ic are fluorinated organic products. TFA is only formed from 1c at pH 5 and pH 7 conditions. Errors associated with the

mass balances are shown in Tables S4—S6.

modified structures were observed for the fluorophenols. Kinetic
plots, NMR spectra, and fluorine mass balances for the five
fluorophenols are compiled in the SI (Figures $8—S22; Tables
$7-S11).

Based on our model system studies, photolysis of the
pharmaceutical fluoxetine (4a) was studied to be compared to
the three Ar—CF, compounds (1a—c). The photolysis rate was
pH dependent (the fluoxetine pK, is 9.8). At pH 10, the rate was
nearly twice that at pH 7. The addition of H,0, and SO;*~
increased the rate roughly 4S- and 10-fold, respectively (Table
1), suggesting that both the oxidizing and reducing conditions
can increase the photolysis rate of fluoxetine. Fluoride was the
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most abundant product formed under all conditions, but four
fluorinated compounds with chemical shifts distinct from
fluoxetine were observed, one being TFA (Figure 4). The use
of Ar—CF; model compounds to better understand TFA
formation allowed insight into the TFA formation from
fluoxetine. With 4-(trifluoromethyl)phenol (1lc) being a
proposed intermediate photoproduct for TFA formation, TFA
was formed from fluoxetine at pH 7 (with and without H,0,),
similar to the findings for 1c. The NMR shift of Product C is also
consistent with that of 1c. No TFA was formed under basic
conditions, with and without the addition of SO,>”, suggesting
that the position of the Ar—CF; motif and protonation state are
important factors in TFA formation. The model compounds,
however, may not be a perfect representation of fluoxetine. At
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Figure 4. (a—c) "’F-NMR spectra and (d) fluorine mass balances for fluoxetine (compound 4a) for all aqueous matrices. Panels a—c show spectra
before photolysis (I, unphotoyzed) and after photolysis in pH 7 phosphate buffer (II), pH 10 borate buffer (III), pH 7 buffer with 1 mM H, 0, (IV),
and pH 10 with 0.5 mM SO5>~ (V). The parent compound 1a (black star), fluoride (F~), and fluorinated photoproduct singlet peaks with NMR shifts
—62.8, —63.0, —63.1, and —77.3 ppm (C, D, E and TFA respectively) are divided into panels a—c based on their respective shifts. (d) Fluorine mass
balance for the same matrices. An additional product (modified fluoxetine) was identified with the same shift as the parent compound fluoxetine. The
modified fluoxetine product has the same shift as that of the parent compound fluoxetine because the modification is too distant from the —CF; to
affect the NMR shift. The modified fluoxetine compound has been identified by LC-MS/MS as norfluoxetine. The y-axes scales for panels a—c are
different and have been adjusted to show full peaks. The internal standard peak for HFB is not shown in this figure. Error associated with the mass

balances are shown in Table S12.

pH 10, small amounts of organofluorine products were observed
for 1c, whereas only fluoride is formed from fluoxetine.

The three other products observed via NMR had similar shifts
to the parent fluoxetine compound, suggesting that the products
retained the Ar—CF; motif. Product C was formed at pH 7, both
with and without the addition of H,0,, Product D was only
formed with H,0,, and Product E was formed at pH 7. No
organic fluorine photoproduct was formed via direct photolysis
at pH 10; however, Product E was also detected with the
addition of SO;*~ at pH 10 (Figure 4). Kinetic plots and further
NMR details are in the SI (Figure S23; Table S12).

While quantification using NMR showed parent compound
peaks to be present in the solution at specific concentrations,
product tracing via HPLC gave different concentrations, and a
greater extent of transformation of fluoxetine after photolysis.
The difference in concentrations indicated a product of
photolysis with the same NMR shift as that of fluoxetine. In
this case, we surmise that the product was a modified fluoxetine
product (Figure 4d) with a similar structure to that of fluoxetine,
but the modification was too far from the fluorine motif in the
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structure to change its shift in the NMR spectrum. LC-MS/MS
analysis revealed a demethylation reaction during photolysis in
all aqueous matrices forming norfluoxetine (Table S14), where
the removal of a methyl group occurred at the other end of the
molecule from the fluorine motif. The presence of norfluoxetine
has also been confirmed in previous photolysis studies.’® This
result demonstrates that the NMR data must be complemented
with HPLC analysis to fully assess removal of the parent
compounds because, in some cases, structural modifications
may not lead to a change in shifts in the NMR spectra.
Because of the presence of several products, including at least
on with an identical NMR shift to the parent, LC-HRMS and
MS/MS fragmentation data were also used to identify products
and attempt to link them to the NMR results (Table S14). The
major product fluoride is formed through defluorination and
formation of nonfluorinated carboxylic acid Product 3, which
was identified (Table S14). Cleavage of the C—O bond in
fluoxetine also primarily yields 4-trifluoromethylphenol (1c;
Product C) as a minor product for pH 7 and H,0, conditions.
The presence of TFA only at pH 7 conditions indicates that TFA
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Figure S. (a—c) '"F-NMR spectra and (d) fluorine mass balance plots for sitagliptin (compound 4b) before photolysis (I) and after photolysis in pH 7
phosphate buffer (II), pH 10 borate buffer (IIT), pH 7 buffer with 1 mM H,0, (IV), and pH 10 with 0.5 mM SO,*~ (V). Panels a—c show that the
parent compound had four fluorine motifs i.e. one Ar—CF; (blue star, F; doublet) and three Ar—F (brown star F,, and red star F,; from a single
fluorine, green star Fj singlet, and an orange star F, doublet). Product fluorine peaks include F, G, H, I, and J all in 1a. The gray circles indicate other
smaller product fluorine peaks and details can be found in the SI. (d) Fluorine mass balance plots for initial (unphotolyzed) and final (photolyzed)
samples of sitagliptin for each photolysis matrix. Products F—] and other products shown in the figure are all near the F; peak (Py-CF; peak). The y-
axes scales for panels a—c are different and have been adjusted to show full peaks. The internal standard peak for HFB is not shown in this figure. Peak
2b and F~ occur together in panel b for V conditions but could be separated for mass balances because F,, and F,;, had the same concentrations in all
samples. Errors associated with the mass balances are shown in Table S13.

formation occurs only through 1c. Products detected that arise
from the addition of the OH group to the benzene ring (Table
S14; m/z 326.1362) are consistent with the two fluorinated
products D and E where the NMR shift has changed slightly due
to the addition of the OH group. The byproducts formed by N-
dealkylation (norfluoxetine) and hydroxylation mechanisms
(Products D and E in Table S14) match with direct photolysis
transformation products observed in the works of Tisler et al.
and Lam et al.***° These results confirm that product screening
by "F-NMR provides useful information regarding the
formation of fluorinated organic products and the fluorinated
motifs they retain.
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Photolysis of sitagliptin (4b), with three Ar—F and one Py-CF;
motif, expanded the range of studied motifs. At pH 7, the
addition of H,0, increased the photolysis rate nearly 145-fold,
suggesting that the presence of eOH effectively increases
photolysis rates of sitagliptin (Table 1, Figure S24). Photolysis
in the presence of SO;>~ was about 15-fold faster than the direct
photolysis rate at pH 10 (Table 1, Figure S24), suggesting that
sitagliptin is susceptible to reaction with e ;™ as well.

Multiple organofluorine peaks were observed in every
photolyzed matrix. All the fluorinated products were singlets
and had shifts close to the parent Py—CF,; shift (Figure Sa). The
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change in concentrations in Py—CF; and Ar—F motifs while
fluoride was forming relative to the parent concentrations was
determined to observe which motif was producing fluoride
(Figure S). The same pattern was observed for each reaction
condition except for direct photolysis at pH 10. Unlike
fluoxetine, the concentrations of sitagliptin found with NMR
and HPLC matched, indicating no structures that might have
the same shift as the parent. The Ar—F motifs decreased as the
fluoride appeared, and the fluorine from the Py-CF; motif stayed
relatively constant throughout photolysis. This suggests that for
pH 7/H202/SO32_ conditions, fluoride is being produced from
the Ar—F motifs and for direct photolysis at pH 10, fluoride is
also being produced from the Py—CF; motif. The overall faster
reaction with SO, likely shifts the balance between the two
pathways, and any product of Py—CF; photolysis is at too low of
a concentration to be observed when SO;*” is present given the
different time scales of the reactions with and without SO;*~
(Figure S23).

Because there is no hydroxyl group on the aromatic ring on
which the Ar—F motifs reside, mineralization mechanisms may
differ from the fluorophenol model compounds. All reaction
conditions had multiple common products. Two unique
products were identified, Product O (—64 ppm) at pH 10 and
Product Q (—64.8 ppm) with the addition of H,0,, both
retaining the Py—CF; motif like all other products observed. All
products were within 2 ppm of each other in the NMR spectrum,
suggesting that the unique products formed were similar in
structure to the other photoproducts.

Possible fluorinated photoproducts formed from sitagliptin at
pH 7 were identified with LC-MS/MS (Table S15). The
addition of oxygen occurred in each photoproduct and the Py-
CF; motif was retained. 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 —NH,
group with a ketone. Oxidation continued with this product as
two more oxygen atoms were added to the aromatic ring as
hydroxyl groups (Figure $24). All products observed with LC-
MS/MS were consistent with the chemical shifts observed in the
F-NMR spectra.

Compared to PFAS, the fluorinated molecules studied herein,
and presumably other fluorinated pharmaceuticals and
pesticides, are susceptible to direct photolysis and/or accel-
erated reactions with photochemically produced reactive
intermediates such as @OH and e,~. Detailed studies of
reaction kinetics and product formation are needed, because this
reactivity will lead to a variety of byproducts and fluoride. '’F-
NMR allows for rapid screening of fluorinated byproducts and
gives information on the type of fluorine moieties on the
transformation products. The large spectral range and 100%
abundance of the '’F isotope made it possible to detect all
fluorinated photoproducts and parent compounds with good
peak separation and obtain a fluorine mass balance. Using '’F-
NMR can give information on whether a natural or engineered
reaction pathway would lead to desirable formation of fluoride
or produce other organic fluorinated compounds. Because the
retention of the fluorine moiety likely leads to greater overall
persistence and potential uptake by biota, these reaction
products are potential targets for study regarding environmental
or toxicological impacts. Additionally, understanding which
specific fluorinated motifs are most amenable to mineralization
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via photolysis, and treatment via AOP and/or ARP conditions
will assist in future development of fluorinated compounds that
mineralize to fluoride and have reduced potential for environ-
mental persistence. Overall, the use of integrated analysis using
HPLC, "F-NMR, and untargeted, high resolution liquid
chromatography—mass spectrometry methods allows for
identification of all fluorinated reaction products including
small modifications of the parent compound, quantification of
these products, and assessment of the possible reaction
pathways that lead to these byproducts.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsenvironau.1c00057.
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