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Trifluoroacetic acid (CFsCOOH, TFA), the primary upper terrestrial atmospheric degradation product of
several fluorinated hydrocarbons primarily used as refrigerants, poses a significant environmental
challenge due to its growing atmospheric accumulation and extremely low reactivity. This combined
experimental and theoretical study of TFA-doped water droplets, conducted inside a cryogenically
cooled ultrasonic levitator simulation chamber utilizing time-dependent Raman spectroscopy and optical
visualization techniques, addresses the dynamic chemical changes during the freezing event for the first
time. The low-temperature experimental approach mimics TFA's interactions within water droplets in the
upper troposphere and Arctic regions, particularly at subzero temperatures. Key findings reveal structural
transformation towards the formation of undissociated neutral TFA in hexagonal ice environments
compared to the anionic form, providing fundamental insight into the role of TFA in ice nucleation.
Furthermore, state-of-the-art electronic structure calculations provide insights into the stability of this

undissociated TFA within the hexagonal ice-encapsulated environment, wherein structural distortions of
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the ice lattice are evidenced at the molecular level. This research untangles the chemical insight into the

DOI: 10.1035/d55c01698¢ TFA's role in ice nucleation leading to cloud glaciation, hence providing a plausible reason behind its
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Introduction

Trifluoroacetic acid (CF;COOH, TFA) represents one of the
simplest fluorinated carboxylic acids in the terrestrial
atmosphere’® and also the most abundant per- and poly-
fluoroalkyl substance (PFAS). It is ubiquitously detected from the
tropical zones to the most remote polar regions of Earth (Scheme
1a).%** TFA primarily enters the atmosphere through the oxida-
tion of polyfluoroalkyl refrigerants and particularly hydro-
fluorocarbons (HFCs) such as 1,1,1,2-tetrafluoroethane (CF;CH,F)
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T Electronic supplementary information (ESI) available: Molarity and molar ratio
of different types of TFA solutions (Table S1); detailed assignment of 10% and 80%
TFA at room temperature (Table S2a); detailed assignment of 10% TFA at room
and freezing temperatures (Table S2b); gas phase FTIR spectrum of TFA and its
analysis (Fig. S1 and Table S3); Raman spectrum of diluted TFA solutions both
in liquid & ice phases (Fig. S2-S5); depression in freezing point (Fig. S6); typical
size and volume of a levitated droplet (Fig. S7); change in temperature during
ice freezing recorded using an IR camera (Fig. S8); charge distribution of the
optimized ice encapsulated different TFA forms (Fig. S9); optimized structure of
ice encapsulated different TFA forms (Tables S4a & b); structure of amorphous
TFA containing ice (Fig. S10i & ii). See DOI: https://doi.org/10.1039/d5sc01698¢c
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unexpected presence in remote Arctic regions through long-range transport.

and hydrofluoroolefins (HFOs) such as 2,3,3,3-tetrafluoropropene
(CH,=CFCFs;) and 3,3,3-trifluoropropene (CH,=CHCF;) (Scheme
1a).”® Global monitoring data recorded by the National Oceanic
and Atmospheric Administration (NOAA) have revealed an
increase in 1,1,1,2-tetrafluoroethane (CF;CH,F) by more than one
order of magnitude from 8.7 ppt to 121 ppt between 1998 and
2021.° As a consequence, the concentration of TFA in the form of
the trifluoroacetate anion (CF;COO™) increased by a factor of six
reaching a median concentration of 180 ng per litre in the
hydrosphere.'® Although the most widely used hydrofluorocarbon
refrigerants are phased out in favour of hydrofluoroolefin refrig-
erants due to their lower global warming potential, recent studies
indicate that these next-generation hydrofluoroolefin refrigerants
could contribute even more significantly to TFA formation
compared to their hydrofluorocarbon predecessors.»»*'*** The
rise in TFA concentration poses a significant threat to the envi-
ronment by bioaccumulating in aquatic organisms and terrestrial
plants, as well as causing mammalian toxicity, which includes
reproductive and liver damage.>*>'* Hence, physical chemists,
computational scientists, and atmospheric chemists are begin-
ning to engage in deciphering key pathways for TFA production
and removal from the terrestrial atmosphere.*
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(a) Schematic representation of the formation of trifluoroacetic acid (TFA) via the oxidation of hydrofluorocarbons (HFCs) and

hydrofluoro olefins (HFOs). TFA has lifetime of 10—15 days in the atmosphere, and it is 30,000 times more acidic than acetic acid. (b) Diagram of
the cryogenic levitation setup combined with spectroscopic (Raman and FTIR) and optical (high-speed camera) diagnostic tools.

From a chemistry viewpoint, TFA is remarkably unreactive to
atmospheric removal processes such as photolysis and reac-
tions with abundant hydroxyl radicals (OH) and atomic oxygen
(0); thus, it is often termed a ‘forever chemical’.'*"” Instead, the
primary removal pathway of TFA has been suggested to involve
wet deposition, i.e. solvation and dissociation via deprotonation
in aqueous media such as droplets; this process forms the
highly stable trifluoroacetate anion (CF;COO™). Neutral TFA
(CFsCOOH) readily de-protonates in liquid solution due to the
polarizability of the acetate functional group, as well as the
ability of neutral TFA to adduct onto the surface of solvated TFA
anions. The atmospheric lifetime of TFA through this deposi-
tion process lies in the range of 10 to 15 days."*'**®

The accumulation of TFA and its anion in water raises
concerns about its long-term environmental impact, consid-
ering the resistance of TFA to natural degradation channels
such as photolysis, reactions with reactive species such as
hydroxyl (OH) and also to biodegradation, leading to an irre-
versible accumulation of TFA in aqueous bodies over time. Such
accumulation poses a growing threat to the ecosystems,
particularly in regions where TFA deposition rates are high,

1040 | Chem. Sci,, 2025, 16, TI039-11048

such as urban industrial areas.™** In this context, it is crucial to
note that Henry's law constant (Ky), which determines the
solubility of vapor in water, is significantly higher for TFA at 298
K—ten times greater (9 x 10> mol kg™ atm ') than that of
analogous parent acetic acid (CH;COOH, 0.9 x 10® mol kg™*
atm—l)‘m,m

Furthermore, as the temperature decreases to 240 K, the
adsorption probability of TFA onto the ice surface increases to
more than 50 times that of acetic acid, as indicated by their
respective partition coefficients (Kjinc); Kjinc for TFA is 2100 cm,
compared to 36 cm for acetic acid.*

From a physical viewpoint, the transportation of tropo-
spheric TFA leads to its incorporation into water droplets,
involving the rapid hydrolysis of TFA vapor in water droplets,
followed by ionization to its acetate form (Scheme 1a). The
freezing of water droplets at subzero temperatures may provide
a crucial link to the significant increase in TFA observed on ice
surfaces in polar regions. This enhanced TFA deposition in the
Arctic environment could have strong implications for ice
melting. Therefore, the exploration of the freezing dynamics of
TFA-doped aqueous droplets at subzero temperatures is vital

© 2025 The Author(s). Published by the Royal Society of Chemistry
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not only to understand the composition of TFA-doped aqueous
ices but also to decipher the missing link between ice melting
and global warming potential. However, while several spectro-
scopic studies have explored TFA solutions at temperatures
below 200 K on metal surfaces such as platinum, the freezing
behaviour of TFA-doped water droplets at upper tropospheric
sub-zero temperatures and temperature of Arctic regions of 262
K along with the temperature-dependent equilibrium between
TFA and its anion has remained largely unexplored.*** These
fundamental data are critical to establish the environmental
impact of TFA.

In this combined experimental and computational study, the
freezing chemistry and dynamics of ultrasonically levitated
single TFA-doped water droplets at subzero temperatures on the
Celsius scale using a newly developed levitation setup are
explored at the molecular level?® (Scheme 1b). This setup
merges ultrasonic levitation at cryogenic temperature with
ultra-sensitive time-dependent Raman spectroscopy and high-
speed imaging, thus enabling the exploration of low-
temperature atmospheric chemistries and freezing processes
in meticulously simulated terrestrial environments.”**" Stoke-
shifted (red-shifted from intense Rayleigh scattering) vibra-
tional features in the Raman spectrum bear the signature of the
solvated molecules within the levitated droplet. Time-
dependent Raman spectroscopy tracks changes in the spectral
features of the water droplets and the dynamic changes of the
molecular structure in the contactless freezing process, i.e.
without interferences from any surfaces. These experimentally
processed TFA-doped ice structures are simulated computa-
tionally at the molecular level to decipher elusive phase changes
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along with the molecular vs. ionic forms of TFA and the
intriguing dynamic structural changes of ice-encapsulated TFA
molecules in the upper troposphere and Arctic regions.

Results and discussion
Raman spectra of aqueous TFA droplets

To ascertain the Raman spectroscopic features of TFA in its
aqueous form, 10% weight ratio to water (w/w) TFA-doped water
droplets are levitated in a nitrogen atmosphere at 298 K; these
droplets contain over 60 water molecules per TFA molecule (Table
S1t). Since TFA exists in two forms in an aqueous solution (eqn
(1)), Raman spectra of a 10% w/w TFA-doped water droplet (TFA :
water = 1:62) (Fig. 1b, Tables 1 and S2at}) at room temperature
are compared with those of a concentrated 80% w/w TFA-doped
(TFA :water = 2: 1) droplet as a reference (Fig. 1a, Tables 1 and
S2at). The Raman spectrum of 80% w/w can be described
essentially as TFA in its undissociated form; hence, these spectra
can be exploited to identify the spectral features originating from
the undissociated form of TFA and to identify the corresponding
features in diluted TFA-doped water droplets (10% w/w).

For the 80% case, a detailed analysis of the Raman spectra
reveals that the most intense band corresponds to the C-C
stretching mode of TFA (v5; 814 cm ™), which is characteristic of
its undissociated neutral form.** In the diluted, 10% TFA solution,
the most intense Raman bands (v; to v3;) emerge in the broad
range between 2930 cm ™" to 3660 cm ™ *; these features correspond
to a combination of O-H donor-acceptor (vy: 3405 cm™' O-H
double donor single acceptor; v,: 3224 cm™ O-H double donor
double acceptor of tetrahedral water environment) bands as those
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Fig.1 Deconvoluted Raman spectra of TFA solutions: (a) 80% w/w TFA solution at room temperature at a molar ratio of TFA: water =2:1. The
spectral frequencies are represented with v, where t denotes mostly undissociated TFA. (b) 10% w/w TFA solution at room temperature at
a molar ratio of TFA : water = 1: 62. The spectral frequencies are represented in this spectrum as v; to vys. (c) 10% w/w TFA in ice at a freezing
temperature of 262 K. Vibrational modes are represented with the symbol v!, where | signifies ice.
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Table 1 Raman frequencies of the bands for a 10% TFA droplet at both room temperature and freezing temperature, along with Raman

frequencies of an 80% TFA solution at room temperature

10% TFA solution at room temperature, 10% TFA solution

298 K (TFA :water = 1:62)

at freezing

temperature, 262 K (TFA : water =1: 62)

80% TFA solution at room temperature
(TFA :water = 2:1)

Band Wavenumber (cm ") Band Wavenumber (cm ™) Band Wavenumber (cm ™)
vy 3405 (water) Vi 3351 (water) Vi 3466 (TFA-neutral)
vy 3224 (water) Vi 3144 (water) vy 2959 (TFA-neutral)
V3 3035 (water) Vi 3134 (water) Vi 1771 (TFA-neutral)
V4 1768 (TFA-ion) Vi 1622 (water) vi 1461 (TFA-neutral)
Vs 1624 (water) Vi 1444 (TFA-ion) Vi 1213 (TFA-neutral)
Ve 1444 (TFA-ion) Ve 1200 (TFA-mixed) Ve 1170 (TFA-neutral)
vy 1201 (TFA-ion) vy 1153 (TFA-mixed) Ve 814 (TFA-neutral)
Vg 1154 (TFA-ion) Vg 1034 (TFA-mixed) Vi 713 (TFA-neutral)
Vo 846 (TFA-ion) Vo 844 (TFA-ion) Vo 599 (TFA-neutral)
Vio 818 (TFA-neutral) Vio 820 (TFA-neutral) Vio 520 (TFA-neutral)
Vi1 724 (TFA-ion) Vi 725 (TFA-mixed) Vi 434 (TFA-neutral)
Via 599 (TFA-ion) Via 601 (TFA-mixed) Viz 406 (TFA-neutral)
Vis 521 (TFA-ion) Vi 521 (TFA-mixed) Vis 262 (TFA-neutral)
Via 431 (TFA-ion) Via 435 (TFA-mixed)
Vis 409 (TFA-ion) Vis 412 (TFA-mixed)

Vie 287 (water)

Vis 265 (TFA-neutral)

in liquid water.**** The second most intense Raman feature
appears at 1444 cm™ " (vg) and corresponds to the C-O stretching
of the trifluoroacetate anion (CF;COO™).** The most intriguing
aspect of the aqueous solution of trifluoroacetic acid (TFA) is
observable in the spectral region between 770 cm™* and 880 cm ™.
This broad feature comprises two distinct bands at 846 cm™* and
818 cm ™" corresponding to the C-C stretching vibration of TFA in
the dissociated anionic and also in the undissociated neutral
forms, respectively. In this context, it is important to mention that
the frequency of C-C mode of the dissociated anionic TFA is
higher as compared to the undissociated one, as the anionic form
possesses partial double-bond characteristics. The Raman spectra
of these diluted aqueous TFA droplets indicate the coexistence of
both TFA and its anion, thus highlighting a dynamic equilibrium
between the two forms of TFA, with a predominance of the
anionic TFA form in diluted aqueous droplets at room tempera-
ture. Note that Raman spectra of even more diluted TFA-doped
water droplets at 7.5%, 5%, 2.5%, and 1% also reveal analogous
spectral characteristics at room temperature to those of 10% TFA-
doped water droplets (Fig. S2a-S5at).

CF;COOH (aq) (neutral TFA) —
CF;COO™ (aq) (anionic TFA) + H' (aq) (1)

Raman spectra of 10% TFA-doped aqueous ice

The Raman spectrum of the ice for the 10% aqueous solution at
~262 K (freezing point) is presented in Fig. 1c (Tables 1 and S2b¥).
First, the Raman spectrum in the O-H stretching frequency
region (Vou: 3800-2930 cm ') of the TFA-doped aqueous droplet
at 262 K is dominated by the features of pure water ice, consisting
of a sharp and prominent band formation at 3144 cm ™', red-
shifted from the 3224 cm™' band compared to pure water at
room temperature indicating a phase change. This enhanced

1042 | Chem. Sci., 2025, 16, 1039-11048

Raman intensity at 3144 cm ™' corresponds to the double donor-
double acceptor (DDAA) configuration of the pentameric unit in
the hexagonal ice (I) crystal (Vom-ppaa) Whereas, at room
temperature, the tetrahedrally hydrogen-bonded water molecule
shows a vibrational band at 3224 cm™".**% The observation is
similar to our previous report on the freezing of singly levitated
pure water droplet.”® Upon doping with TFA, apart from the
significant spectral change in the O-H region indicating ice
formation, remarkable differences in the C-C (800 cm™" to
850 cm ') and C-O (1444 cm™ ") stretching regions emerged
compared to the spectra of TFA-doped liquid water droplets at 298
K. Upon ice formation, the C-O stretching mode of the tri-
fluoroacetate anion (CF;COO™) exhibits significant decrease in
intensity, whereas the Raman intensity at 818 cm ™" linked to the
C-C stretching of undissociated, neutral TFA dominates over the
C~C stretching of anionic TFA (846 cm™ ") in the 800-850 cm ™"
region.”” The Raman spectra of even more diluted TFA-doped ice
crystals exhibit similar spectral characteristics to those of 10%
TFA-doped ice, as compiled in Fig. S2-S5.f It is important to
highlight that the incorporation of TFA in the water droplet
induces a significant depression in the freezing point as
compared to pure water droplets. To investigate the impact of TFA
concentrations on the freezing point of water droplets, we
compared the freezing points of TFA-doped water droplets with
those of pure water droplets. By analyzing the experimentally
observed decrease in freezing temperature relative to pure water
at various TFA concentrations, we constructed a freezing point
depression profile (Fig. S61), which reveals that for 10% TFA
aqueous solution, the lowering is 10 + 1 K.

Temporal profile of spectral changes during freezing

The spectroscopic and optical changes of the TFA-doped water
droplets are tracked during the freezing process (Fig. 2), as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Temporal changes in the Raman spectra of 10% w/w TFA versus the progress of freezing at 262 K in the region of 4000 cm™* to
200 cm™L. (b) Corresponding snapshots of the TFA droplet captured using a high-speed camera. (c) Magnified portion of the spectra in the region

of 2000 cm~tto 200 cm™™.

demonstrated for the 10% aqueous solution. A significant
alteration upon ice formation in the OH vibrational region
(2900 cm ™" to 3600 cm ') indicates the onset of ice formation.?
Over varying freezing times, Fig. 2a illustrates the sequential
changes in the Raman spectrum of the 10% TFA solution, cor-
responding to the initiation of ice formation just 30 seconds
after the levitation of the aqueous TFA droplet in a nitrogen
atmosphere transitioning into ice, as evidenced by a sharp
spectral change in the O-H stretching region of water. The
visible transformation from liquid to ice of a TFA-doped water
droplet of 4 L (Fig. 2b and S77) volume is also captured using
a high-speed optical camera alongside the corresponding
spectral trace at specific time intervals. The temperature of the
droplet is captured using a high-speed infrared camera, and
a change in temperature due to ice formation is observed
(Fig. s81).

Although the band intensities representing the characteris-
tics of the neutral and anionic forms of TFA in the aqueous
solution are smaller compared to the O-H stretching frequen-
cies of water by more than ten times, the spectral features in the
200 cm™ ' to 2000 cm ™' region reveals intriguing dynamics
between the two forms of TFA with the progress of freezing.
Fig. 2c presents a magnified view of the Raman spectra, clearly
indicating a decrease in intensity of the 1444 cm " band, cor-
responding to the C-O stretching of the trifluoroacetate anion
as freezing progresses. This change in intensity, represented as
ve in the room temperature liquid and v} in the ice at 262 K,
signifies a reduction in TFA ion concentration within the
droplet as freezing advances.

To further explore the dynamic changes in the different TFA
forms relative to ice formation, we compared the Raman spectra
at three distinct freezing times (0 s, 90 s, and 135 s) in Fig. 3a. In
addition to the changes in the O-H stretching region, the
zoomed-in section in the 200 cm™* to 2000 cm ™' (10 times)
range exhibits a decrease in the v, peak intensity corresponding
to the CO stretching of the trifluoroacetate anion, alongside an
increase in the v;, peak intensity associated with the C-C
stretching of the neutral TFA form. The simultaneous reduction
in the TFA ion band intensity and increase in the TFA band

© 2025 The Author(s). Published by the Royal Society of Chemistry

intensity (in neutral form) clearly illustrate the conversion of
TFA ions to TFA as freezing progresses.

To quantify this dynamic change concerning ice formation,
the ratio of the band intensities of v (B) and v4, (C) is plotted
against the progress of freezing (Fig. 3d). The changes in the O-
H stretching region define the extent of freezing and are
quantified in terms of the ratio of area A4, to 4,. Both plots of ice
formation and interconversion between the neutral and anionic
TFA forms demonstrate a significant change in the ratio 4,/4, or
B/C during the same time interval between 30 s and 45 s.
However, the rate constant of the ice formation (k, = 0.025 £
0.001 s ') is slightly higher compared to the rate constant of
interconversion of the TFA droplet with the extent of freezing
(krpa = 0.020 £ 0.005 s ); this finding indicates once again the
interconversion between the neutral and ionic TFA forms after
initiation of ice formation.

In addition, the deconvoluted spectra depict not only
distinct forms of TFA but also reveal weak interactions that
enhance upon ice formation. The deconvoluted peaks corre-
sponding to TFA in its anionic form are shown in green, while
the undissociated neutral forms are color-coded in purple. In
the 800 cm ™" to 900 cm ™" region, two spectral features of both
ionic and neutral TFA corresponding to the C-C stretching
modes remain (vg and v, stretching according to Fig. 1b). The
deconvoluted spectral bands connected with the C-C stretching
of the TFA ion, with an intensity maximum at 846 cm™ ', is
labelled as peak D, while an analogous vibrational mode for TFA
in its neutral form, with intensity maxima at 818 cm™*, is
denoted as C (Fig. 3b). It is evident that the deconvoluted peak
area corresponding to band C (A¢) increases, while that of band
D (Ap) decreases with the progress of freezing. This change in
the areal contribution of C (Ac/Ar) and D (Ap/Ar) to the total area
in the 800 cm™" to 900 cm ™ region (Ay) is plotted over time in
Fig. 3e, indicating that the contribution of TFA in its undisso-
ciated neutral form increases over time, while its contribution
in the ionic form decreases. A similar pattern is observed in the
400 cm™" to 500 cm™ " region between the two deconvoluted
peaks E and F, reflecting the same dynamic conversion between
the two forms of TFA. The contributions of peak E (4g/A;) and F

Chem. Sci., 2025, 16, 11039-11048 | 11043
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Fig. 3 (a) Spectral changes associated with ice formation in the O-H

stretching region (3400 cm™! to 2900 cm™Y) of bands A; and A,
belonging to water and the TFA region (2000 cm™ to 200 cm™),
respectively. The TFA region is magnified by a factor of 10. (b)
Deconvoluted spectra in the ranges 500 cm™ to 400 cm™ and
900 cm™! to 800 cm™. (c) Analysis extended to the deconvoluted
spectra from 1300 cm™ to 900 cm™. (d) The upper trace illustrates
the variation in the intensity ratio of band B (/g) to band C (/c) (TFA),
while the lower trace denotes the change in the ratio of the area A, and
Ay (transition of liquid water to ice) in the O—H stretching region as
freezing progresses in terms of first-order decay and growth,
respectively. ktra and ky are the rate constants for freezing TFA and
water in TFA solution, respectively. (e) Upper trace: change in the
deconvoluted band areas of bands C (Ac) and D (Ap) relative to the total
area (A7) in the range of 900 cm™ to 800 cm™. The contributions of
bands C and D are represented as (Ac/At) and (Ap/A7), respectively. The
lower trace similarly depicts the change in the deconvoluted band
areas of bands E (Ag) and F (Af) concerning their overall area in the
500 cm™ to 400 cm! range, denoted as (Ag/A7) and (4g/A}),
respectively. (f) The analysis includes the change in the ratio of band
area H, influenced by secondary H bonding interactions, in relation to
band area G, which encompasses two C-F stretching vibrational
modes (in phase and out of phase).
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(Ap/Ay), corresponding to the CF; rocking vibrational mode of
TFA, are more likely associated with the intensity of TFA in the
neutral form with the advancement of ice formation rather than
the distribution observed in aqueous solution.

Fig. 3c highlights an intriguing feature indicating
a secondary interaction between the C-F bond in TFA and the
hydrogen-bonded framework of ice. The peak area representing
hydrogen-bonded interactions (H) increases with the progres-
sion of ice formation, while the combined area of C-F in phase
and out of phase (G) decreases over time. This is illustrated in
Fig. 3f, where the ratio of H/G increases from 0.6 to 1. Notably,
the existence of this hydrogen-bonded interaction emerges after
the interconversion between the two forms of TFA. This inter-
action is important from the perspective of understanding the
ice crystal structure in the Arctic region and, furthermore, its
relevance to ice melting.

The interconversion between the neutral and anionic TFA
forms (eqn (1)) is fundamental to the acid-base chemistry
operating at subzero temperatures. It is also noteworthy to
mention that Raman spectra of levitated TFA-doped water
droplets at 298 K (Fig. 1b) and under super cooled conditions
such as 262 K (Fig. 2a at 10 s) hardly show any change in the
relative intensity distribution of the Raman features in the TFA
region (200 cm™' to 2000 cm™"). The drastic changes in the
Raman spectra are observed solely with the progress of ice
formation commencing at 262 K. However, it is also important
to mention that although the amount of neutral undissociated
TFA increases with the progress of ice formation, both the
anionic TFA and neutral TFA exist under ice-encapsulated
conditions; thus, the experimental Raman spectra show char-
acteristic features of both forms. Since TFA is a strong carbox-
ylic acid, its ionic form in the ice (although its contribution is
less as compared to the solution) induces randomness as
compared to pure ice by altering the internal motion as reported
for hydrochloric acid (HCI), but in a lesser magnitude.®®

Theoretical calculation

To elucidate the dynamic changes in TFA-doped water during
freezing, quantum chemistry calculations using B3LYP-D3
density functional theory with the 6-31+G* basis set in
NWChem were conducted.*** The B3LYP functional—a hybrid
exchange-correlation  functional combining Hartree-Fock
exchange with Becke's three-parameter exchange and the Lee-
Yang-Parr correlation—is widely used for accurate predictions of
molecular geometries, bond energies, and stereoelectronic
effects. However, standard B3LYP lacks an explicit treatment of
long-range dispersion interactions such as van der Waals forces,
which are critical for systems dominated by noncovalent inter-
actions. To address this, Grimme's D3 empirical dispersion
correction was applied to account for dispersion forces in the
hydrogen-bonded TFA-water network, thereby improving struc-
tural and energetic accuracy in the simulated ice-encapsulated
molecular clusters.** Hexagonal ice (I) is formed under our
experimental conditions upon freezing. Hence, I, encapsulating
two distinct forms of TFA (anionic and neutral) was simulated
computationally to interpret the spectral features of TFA-doped

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Typical hexagonal structure of the ice lattice. (b) Optimized structure of ice-encapsulated dissociated anionic TFA ((i) side view; (i) top

view). (c) Optimized structure of ice-encapsulated undissociated neutral TFA ((i) side view; (ii) top view).

water droplets at the freezing point. A standard I, crystal structure
is illustrated in Fig. 4a; the optimized structures of the TFA-doped
ice clusters (anionic and neutral) contain 42 water molecules and
are depicted in Fig. 4b and c.

The optimized structure of the two TFA-doped ice clusters
reveals a significant distortion from the classical hexagonal ice
crystal (Fig. 4b and c). The coordinates and the Mulliken charges
on the individual atoms of the optimized structure are provided
in the ESI (Table S4 and Fig. S9). A scaling factor varying from
0.97 to 1.01 was applied to the computed frequency.* This scaling
factor accounts for both anharmonic corrections and calibrations
between independent experimentally observed gas-phase TFA
frequencies with those calculated with gas-phase TFA.*> The re-
ported frequencies (Table 2) for the major vibrational modes
under ice-encapsulated conditions not only clarify the Raman
spectroscopic features of the two ice-encapsulated TFA forms
(anionic versus neutral), but also provide compelling evidence for
the experimentally observed secondary hydrogen bonding inter-
actions. Here, among the key frequencies, the stretching
frequencies of C-O and C-C corresponding to two distinct ice-
encapsulated TFA forms (Table 2) support the experimentally
observed Raman shifts. The computed C-O frequency for the
anionic ice-encapsulated TFA is 1442 cm ™', closely aligning with
the experimentally observed absorption at 1444 cm ™. In contrast,
for the case of similar ice-encapsulated undissociated neutral
TFA, the calculated C-O frequency is 1464 cm ™' compared to the
experimental value of 1461 cm . Notably, the relative

experimental intensity of the C-O frequency for neutral TFA is
lower and is largely overshadowed by the band intensity of the
anionic TFA form in the range of 1400 cm ™" to 1500 cm ™. In the
region of 800 cm ™" to 850 cm ', the computed C-C stretching
frequency of undissociated neutral TFA is 815 cm ", while the
experimentally observed frequency lies at 818 cm . A similar
calculated vibration of anionic ice-encapsulated TFA occurs at
841 cm™ ', compared to the experimental value of 844 cm .
Overall, scaled computed and experimental frequencies agree
exceptionally well.

In addition to the fundamental vibrations, a particularly
intriguing aspect of the experimentally observed secondary
hydrogen bond interactions can be elucidated through the ice-
encapsulated anionic and neutral forms (Table 2). The anionic
TFA interacts with the ice lattice via fluorine, whereas its neutral
form engages with the ice lattice through long-range interactions
involving the O-H terminal, indirectly influencing the C-F vibra-
tion mode. In both scenarios, the C-F frequencies are significantly
impacted, as evidenced by a relative decrease in the Raman
intensity associated with the C-F bond. Importantly, the opti-
mized cluster of the ice-encapsulated TFA anion (C,y) exhibits
greater symmetry compared to that of the ice-encapsulated neutral
TFA (Cg). This results in a higher number of degenerate vibrational
modes, e.g. three such modes for the C=O vibration, being
simulated for the TFA anion than for the neutral form (one mode),
which may account for the enhanced Raman intensity observed
for the former relative to its neutral counterpart. The formation of

Table 2 Comparison of simulated frequencies with experimentally observed frequencies

Frequency of TFA in undissociated

neutral form (cm™)

Frequency of TFA in dissociated ionic
form (cm™%)

Vibrational mode Experimental Theory Experimental Theory
C-O stretch 1461 1464 1444 1442
C-C stretch 818 815 844 841
C-F-H stretch through OH 985-1070 broad 1100

C-F-H stretch (direct) 985-1070 broad 1080
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a stable ice-encapsulated TFA form in TFA-doped aqueous ice
induces secondary interactions that lead to significant distortions
in the regular hexagonal ice structure. Additionally, the same
structural forms of TFA are optimized in an amorphous water
environment (Fig. S10(i) & (ii)t), and the calculations reveal that
neutral undissociated TFA shows a tendency to proton transfer,
unlike the hexagonal ice-encapsulated environment beyond 8
water molecules, which is not supported by experimental Raman
spectroscopic observations.

Atmospheric implications

Our findings provide direct experimental evidence for the
significant transformation of TFA from its dissociated anionic
form into its undissociated neutral form with the progress of
freezing, thereby decreasing the acidity of the TFA-doped ice.
TFA is the simplest and most abundant perfluorinated acid
(PFA) distributed globally, which is known as a “forever chem-
ical”, and plays a significant role in new particle formation
(NPF) and ice-nucleating particle (INP) formation.*** All these
particles play a crucial role in heterogeneous upper tropo-
spheric droplet freezing with implications for precipitation and
cloud glaciation.***® Our molecular level structural change of
TFA in ice encapsulated environment aligns with the more
facile ice nucleation of undissociated longer chain PFAs over
their dissociated forms as proposed by Schwidetzky et al.,
wherein undissociated perfluorooctanoic acid (PFOA) initiate
ice nucleation at 257 K as compared to the same event occurring
at much lower temperature (247 K) for its dissociated form.* In
addition to this, our experimental evidence also justifies the
more prominent ice nucleation at lower acidity for certain
mixed organic acids.” From the perspective of the role of NPF
on cloud condensation, neutral nucleation is favoured more
than ten times over the ion-induced nucleation, which once
again supports the predominant existence of undissociated TFA
in an ice-encapsulated environment. Active participation of TFA
in cloud glaciation is probably the reason for its abundance in
remote Arctic regions through long-range transportation
through the clouds. Our experimental investigation also
provides clear evidence of molecular-level interactions of both
the TFA forms with ice crystals through F-H interactions. As
evidenced theoretically, the anionic form of TFA mostly
undergoes direct predominant F-H interactions; this secondary
interaction plays a pivotal role in determining droplet-cloud
interactions and hexagonal ice crystal distortion.

Moreover, the extracted kinetic data of the structural trans-
formation could be incorporated into cloud glaciation and long-
range transport models for accurately simulating the concen-
tration of such forever chemicals in all regions of the atmo-
sphere. Lastly, the observed freezing point depression and the
anionic secondary interactions can plausibly induce ice
melting.

Conclusion and outlook

This study presents a thorough experimental and theoretical
exploration of TFA-doped water droplets under cryogenically
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cooled, contactless levitated conditions. By employing time-
dependent Raman spectroscopy and optical techniques, this
work carefully monitors the dynamic changes in TFA-doped
water droplets, particularly at subzero temperatures pertinent
to TFA's interactions with water droplets in the upper tropo-
sphere and Arctic regions. Key findings from Raman spectros-
copy data reveal a dynamic structural transformation that leads
to the formation of neutral TFA as hexagonal ice develops. This
transition occurs from the more stable dissociated anionic TFA,
which predominates in aqueous TFA-doped water droplets at
room temperature. The theoretically optimized structures of
ice-encapsulated undissociated neutral TFA demonstrate
significant stability in the hexagonal environment compared to
the amorphous environment, thus supporting the experimen-
tally observed preference towards neutral TFA formation from
the dissociated TFA anions as ice formation progresses. The
observed rate constants for ice formation (k, = 0.025 + 0.001
s') and TFA conversion (krpa = 0.020 + 0.005 s~') further
indicate TFA's concurrent structural changes alongside ice
formation. However, the slightly higher value of k,, compared to
krra suggests that hexagonal ice formation is a critical step to
trigger the neutral TFA formation within the ice lattice.

Molecular level understanding of the freezing process from
a TFA-doped aqueous droplet to a highly ordered hexagonal ice
induces changes in some elementary physical properties such
as solvation and ion mobility of the TFA anion. Random
arrangement of water molecules in an aqueous droplet to
a highly ordered hexagonal lattice restricts ion mobility. More-
over, the electron affinity of fluorine in TFA (exothermic
process), which plays a pivotal role in the determination of
solvation of TFA anion, decreases with the progress of freezing.
Thus, the cumulative effect of these elementary physical prop-
erties lowers the extent of solvation for the TFA anion,
explaining the structural transformation of most simple per-
fluorinated acid TFA.

Additionally, the study highlights secondary F-H interac-
tions between various TFA forms and ice crystals, as evidenced
by changes in the relative Raman intensity of C-F stretching
frequencies. The theoretically optimized structures of ice-
encapsulated TFA reveal significant distortions in the regular
hexagonal ice lattice. The calculated structures indicate distinct
types of secondary F-H interactions with the ice crystal: anionic
forms exhibit direct F-H interactions, while the undissociated
neutral form displays long-range interactions.

These experimental observations, combined with theoretical
calculations, provide compelling evidence for the role of neutral
TFA in ice nucleation through ice-nucleating particle (INP)
formation and new particle formation (NPF). The secondary F-
H interactions in ice-encapsulated TFA provide further
molecular-level insight into the ice crystal distortion. Further-
more, the kinetic data could be incorporated into cloud glaci-
ation and long-range transport models for accurately
simulating the concentration of TFA in all regions of the
atmosphere. This is the first systematic molecular-level experi-
mental investigation of droplet freezing chemistry exploiting
the simplest perfluorinated acid (PFA). Further experimental

© 2025 The Author(s). Published by the Royal Society of Chemistry
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investigations are earnestly required for a better understanding
of the atmospheric implications of “forever chemicals” globally.
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