[bookmark: _Hlk168390166][bookmark: _Hlk162106656]Elucidation of the hydration pattern of trifluoroacetic acid in dilute solutions: FTIR and computational study
[bookmark: _Hlk169787507]Barbara Pema*, Mario Vazdarb, Danijela Bakarića  
a Division of Organic Chemistry and Biochemistry, Ruđer Bošković Institute, Bijenička cesta 54, 10000 Zagreb, Croatia 
b Department of Mathematics, Informatics and Cybernetics, University of Chemistry and Technology, 166 28 Prague, Czech Republic
*Corresponding author. Tel.: +385 1 4571 382; E-mail: Barbara.Pem@irb.hr (Barbara Pem)

Abstract
The atmospheric partitioning of trifluoroacetic acid (TFA) in aerosol is a complex function of the size of suspended water droplets and their pH value. The unraveling of the affinity of TFA towards basic but not acidic conditions may be accomplished by providing an insight into the hydration pattern of undissociated TFA. Owing to rather scarce details on very dilute aqueous solutions of trifluoroacetic acid (TFA), we examined CF3COOD and CF3COONa solutions in D2O in the concentration range 0.001-0.1 mol dm−3 using transmission FTIR spectroscopy and computational methods. Besides detecting the signals originated from undissociated species in both CF3COOD (1787 cm−1 and 1766 cm−1 at c0 = 0.1 mol dm−3) and CF3COONa (1807 cm−1 at c0 = 0.1 mol dm−3) D2O solutions, through computational techniques we identified different TFA hydrates that contribute to the complexity of the spectral appearance. The combination of experimental and computational data suggested the concentration dependence of the predominant hydrogen bonding pattern of TFA. The results obtained in this work should help in understanding the partitioning of TFA into micron-size water droplets in the atmosphere in molecular and structural terms, i.e. the eventual stability of a hydrated complex for a particular TFA conformer. 
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1. Introduction
The replacement of chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) by hydrofluoroolefins (HFOs) as the latest refrigerant generation was carried out with the purpose of removal of ozone-depleting substances from Earth's atmosphere. [1,2] Even though successful in the preservation of ozone layer and in reduced contribution to the global warming, the constant utilization of HFOs raised some pollutant-related issues that elicit intensive scientific and public concern. Atmospheric degradation of HFOs ends up with highly water soluble trifluoroacetic acid (TFA; CF3COOH). TFA in the atmosphere partitions entirely into cloud and fog water and is transferred to the terrestrial environment by dominantly wet deposition. [2–4] By entering into the aquatic ecosystem, variable concentrations of TFA were found in rivers, streams, lakes and wetlands, with the highest concentrations found in terminal sinks such as salt lakes, playas and oceans. [2] Along with the anthropogenic sources [2], the later are considered as natural TFA sources but its occurrence at oceans depths is still unexplained. [5] Since only algae Raphidocelis subcapitata displayed sensitivity to TFA so far, TFA was generally considered as harmless to the most aquatic and terrestrial organisms. [3] Unfortunately, a large incidence of fluorine-related diseases noticed in rural areas of China and India requires undertaking of certain precaution in proclamation of TFA as a risk-free compound. [6,7]
As a moderately strong acid (pKa = 0.2 – 0.5) [2,8], by dissolution in water it immediately dissociates to CF3COO− and readily forms salts with cations such as Na+ or Ca2+, the former being exceptionally relevant to the environmental exposure. [7] Regardless of the origin and form that it takes (acid or salt), continuous environmental intake of TFA implies accumulation of the contaminant exceptionally persistent to chemical and biological degradation; its atmospheric lifetime is estimated to be 13-14 years [1], whereas in the aquatic environment it remains for thousands of years. [2] Interestingly, substantial evidence is gathered that demonstrates that gas-to-particle partitioning of TFA in the atmosphere highly depends not just on the size, but also on the physicochemical features of aqueous reservoirs. [8,9] In contrast to the favored and relatively straightforward partitioning of TFA into large aqueous compartments such as clouds or fog [1,8], its partitioning into small water droplets in aerosol is rather selective process governed by the environmental temperature, the composition of water droplet and especially by the pH value inside water droplet. [8] As Bowden et al. unequivocally demonstrated, the more acidic/basic aerosol is, the partition of TFA into water droplets will be less/more efficient. [4] Putting it differently, when found in alkaline aerosol TFA will enter the liquid phase, whereas in acidic aerosol it will be distributed between the gas and the water droplet. 
To understand the rather puzzling pH dependence of TFA partitioning into water droplets, the first and simplest step would be to explore the molecular features of TFA in aqueous solutions having different concentrations and, consequently, pH values, followed by identifying the forms of TFA that prevail at particular conditions. In this regard, Takamuku et al. made a comprehensive study of TFA-water mixtures using large-angle X-ray scattering (LAXS) and NMR spectroscopy. [10] Besides identifying TFA···TFA cyclic dimers as dominant species in neat TFA, in TFA-water mixtures in the range 0.3 ≤ x (TFA) ≤ 0.6 both TFA···TFA dimers and TFA···water clusters were detected. [10] Their coexistence was diminished at the expense of TFA···water clusters at x (TFA) ≤ 0.3, which was also accompanied by the dissociation of TFA (CF3COOH) into CF3COO−. [10]
However, in elucidating the partitioning of TFA into water droplets of different pH values, one should first deal with the structure and hydration of TFA when the latter is found in aqueous solutions of extremely low concentrations, which would be followed by the assessment on how the change in the pH value of the medium affects the aforementioned features. Since there is a serious gap already in the elucidation of the structure of undissociated TFA in highly diluted aqueous solutions, this work aimed to resolve two phenomena: i) to detect the undissociated TFA in terms of its conformation and hydration. Considering that it is an almost completely dissociated acid in dilute aqueous solutions [11,12], we resorted to the use of FTIR spectroscopy in transmission, which is one of the most rewarding analytical techniques for the detection of low-abundant chemical species in a given sample. [13–16] As weak acetic acid (AA) in diluted aqueous solutions exists in the form of differently distributed syn and anti conformers that generate distinct signatures depending on the hydration pattern [17,18], the possibility that undissociated TFA can be found in sufficiently different forms, including different conformers as well as different complexes of a certain conformer with water molecules [19], should be taken into consideration; ii) to elucidate if the change in pH of the solution favors the appearance of a certain conformer and accompanied hydration pattern. In order to accomplish these goals, we examined the diluted aqueous solutions of deuterated TFA (CF3COOD) in D2O (x(CF3COOD) < 0.001; c0(CF3COOD) = 0.001 mol dm−3 - 0.1 mol dm−3) using FTIR spectroscopy in which we detected the signals of undissociated CF3COOD. Moreover, by examining the aqueous solutions of CF3COONa of different concentrations and pH values (c0(CF3COONa) = 0.001 mol dm−3 - 0.1 mol dm−3 and 4 ≤ pH ≤ 8), along with the signals from dominantly CF3COO− species, we also managed to capture the traces of protonated/undissociated CF3COOD. The comparison of signals in CF3COOD and CF3COONa aqueous solutions enabled the identification of the conformer/hydrated monomer favored by particular pH value and/or the range of pH values. Parallel to the experimental research, computational data provided the insight into the distribution of TFA conformers and their hydrates.  
2. Experimental 
2.1. Chemicals. Deuterated trifluoroacetic acid (CF3COOD; colorless liquid, Mr=115.03, b. p. = 75 °C, ρ (25 °C)=1.493 g cm−3, ≥ 99.5% D-atom) and D2O (colorless liquid, Mr=20.03, b.p.=101.4 °C, ρ (25 °C)=1.107 g cm−3, ≥ 99.9% D-atom) were purchased from Sigma. Sodium trifluoroacetate (CF3COONa; STFA) was prepared from the reaction of CF3COOH and Na2CO3 in water; FTIR spectrum of obtained dried white powder was compared with the already reported to insure its purity. [20] Tetrachloroethene (C2Cl4; colorless liquid at room temperature, b.p. = 122 °C, ρ (25 °C)= 1.614394 g cm−3, spectroscopic grade) was purchased from Acros Organics. All commercially available chemicals were used as received. 
Three sample sets were prepared: i) CF3COONa dissolved in D2O, ii) CF3COOD dissolved in D2O and iii) CF3COOD dissolved in C2Cl4. Na salt was dissolved in a concentration range 0.001 mol dm−3 ≤ c0(CF3COONa) ≤ 0.1 mol dm−3 in order to measure the molar absorption coefficient of the band originated from νas(COO−). The concentrations of acids in D2O and in C2Cl4 were c0(CF3COOD)=0.001 mol dm−3, 0.01 mol dm−3 and 0.1 mol dm−3. The latter were made in order to examine the spectrum of non-dissociated acids. pD values of deuterated compounds dissolved in D2O were determined by using BlueLine electrode (SI Analytics) previously calibrated with AVS TITRINORM buffer solutions (pH 2 and 9) obtained from VWR Chemicals. pD values were recalculated from pH values using. [21]
2.2. Instrumentation. FT-IR transmission spectra were recorded on an ABB Bomem MB102 spectrometer equipped with CsI optics and DTGS detector at room temperature and under atmospheric pressure in the air. FTIR spectra were collected (Grams32) in a sealed cell equipped with CaF2 windows, the pathlength (d) of which was determined interferometrically; D2O solutions of CF3COOD and CF3COONa were acquired at a nominal resolution of 4 cm−1 as an average of 50 scans in the cells of the following pathlengths: d = 103.31 μm (CF3COONa) and d=102.96 μm (CF3COOD). The solutions of acid in C2Cl4 were obtained at 4 cm−1 as an average of 10 scans in the cells of pathlengths d = 1004 μm, 103.27 μm for CF3COOD in C2Cl4. 
2.3. Spectral analysis. The subtraction of D2O (C2Cl4) spectrum from aqueous solutions of CD3COONa and CD3COOD (C2Cl4 solution of CD3COOD) was followed by the baseline correction in the spectral range 1880-1265 cm−1 for CF3COONa and CF3COOD  [22] Subtracted spectra of solutions in which the concentrations were 0.001 mol dm−3 were smoothed using the Savitzky-Golay method [22]; subtracted spectra of solutions with greater concentrations were analyzed without smoothing. The positions and absorbances of particular vibrational bands were determined by fitting the spectral features on profiles that resulted in better-fit estimators; in turn, the Lorentz band profile was used for CF3COONa / CF3COOD systems (In section 4. in Figs. 1b and Fig. 1d are displayed spectral decompositions of IR spectra of 0.1 mol dm−3 solutions of examined systems). 
Most of all, we were focused on the bands assigned to the stretching of anions (νasCOO− and νsymCOO− CF3COONa, and CF3COOD) and the stretching of neutral species (νC=O in CF3COOD, CF3COONa and νC−O in CF3COOD) (the data are displayed in Table 1). Additionally, from the absorbance of the band assigned to the antisymmetric stretching of carboxylic group (νasCOO−) in IR spectra of CF3COONa, pathlength (d) and initial concentration (c0) of CF3COONa, molar absorption coefficient at the band maximum (ε) was determined by using Lambert-Beer’s law (Supporting Information, Fig. S1). Since this band appears in IR spectrum of dissociated CF3COOD as well, this quantity was further used in the determination of the concentration of trifluoroacetate (CF3COO−) anion in D2O solutions of CF3COOD at concentrations c0(CF3COOD)=0.001 mol dm−3, 0.01 mol dm−3 and 0.1 mol dm−3 (data are presented further in Supporting Information, Table S1).
3. Computational Methods 
[bookmark: _Hlk168181952][bookmark: _Hlk168181963]3.1. Density functional theory (DFT) calculations. Vibrational frequencies of CF3COOH and CF3COO− in water were predicted by density functional theory (DFT) calculations. CF3COOH in syn and anti isomer forms and CF3COO− were first optimized at B3LYP/6-31+G(d,p) level of theory, in implicit water (SMD model) to obtain ground state minima. Then, mono- and di-hydrated complexes of all three molecules were produced using the publicly available stochastic kick procedure. [23] The kick script generated 100 random initial distributions of either one or two water molecules around each target molecule, which were then optimized at the same level of theory. Optimized ground state minima were sorted based on the type of interaction between waters and TFA (see below and section S3 in Supporting Information) and the lowest energy conformer of each group was selected for further analysis. The same kick procedure followed by optimization and categorization was employed for CF3COOH dimers, where 100 random initial distributions were generated for each combination of syn-syn, syn-anti and anti-anti TFAs. Finally, the selected hydrates, dimers and initial CF3COOH and CF3COO− molecules were re-optimized at ωB97X-D/maug-cc-pVTZ level of theory with SMD implicit water. The vibrational frequencies were extracted following frequency calculations and multiplied by the scaling factor 0.949 (taken from the Database of Frequency Scale Factors for Electronic Model Chemistries). [24]
The predicted percentage of syn and anti isomers of CF3COOH was calculated using the formula:
, 										   (1)
where  is obtained as Ganti - Gsyn, R is the gas constant of 8.314 J K−1 mol−1, T is the temperature of 298.15 K, and K is the ratio of anti- to syn-AA.
All calculations were performed using Gaussian 16 software [25] available on the Supek supercomputer based in the University Computing Centre SRCE, University of Zagreb. [26]
3.2. Molecular dynamics (MD) simulations. Evaluation of CF3COOH and CF3COO− associations in 0.1 mol dm−3 aqueous solutions was conducted using classical molecular dynamics (MD). 60 CF3COOH or CF3COO− molecules were placed in simulation boxes along with 32657 water molecules, and in the case of CF3COO−, 60 Na+ counterions for neutralization. The molecules were parametrized by CGenFF  [27] and the system was described using the CHARMM36m force field [28] and the TIP3P water model. [29] Following minimization with the steepest descent algorithm, the system was heated to 298.15 K for 200 ps in the NVT ensemble. The production runs were conducted for 100 ns in the NpT ensemble (Nosé-Hoover thermostat, 298.15 K, coupling constant 1 ps; Parrinello-Rahman barostat, 1 bar, coupling constant 5 ps). Particle mesh Ewald (PME) method was used for long-range electrostatic interactions. The interaction cutoff was set to 1.2 nm, and bonds involving hydrogen were constrained by LINCS. Three-dimensional periodic boundary conditions were used throughout, and the time-step was 2 fs. All simulations were conducted in GROMACS 2020. [30] The analysis was conducted on the latter half of the production runs using Visual Molecular Dynamics (VMD). [31]


4. Results and Discussion
4.1. The analysis of IR spectra of CF3COONa and CF3COOD. The most distinguished feature in IR spectra of CF3COONa is νasCOO− band that absorbs at 1674 ± 1 cm−1 (Fig. 1a, Table 1) [32] with molar absorption coefficient ε (1674 cm−1) = 1829 ± 4 mol−1 dm3 cm−1 (Supporting Information, section S1). Along with this band, δHOD is observed at 1440 ± 10 cm−1 for solutions with 0.001 mol dm−3 ≤ c0(CF3COONa) ≤ 0.01 mol dm−3. [33] At c0(CF3COONa) = 0.1 mol dm−3 this feature is by far too weak to be detected. νsymCOO− band (1436 ± 1 cm−1) is perceived and distinguished from δHOD at c0(CF3COONa) = 0.01 mol dm−3; at c0(CF3COONa) = 0.1 mol dm−3 this is the only feature, although very weak ( (1436 cm−1) = 104 ± 4 mol−1 dm3 cm−1, see Supporting Information, section S1), that is well separated from νasCOO− band. IR spectrum of this solution displays some other (very) weak signals that are emphasized in Fig. 1b: the band at 1807 ± 4 cm−1 attributed to the stretching of undissociated CF3COOD, νC=O(anti) (see the inset in Fig. 1b, Table 1) and two (very) weak features that are more (~ 1630 cm−1) or less (~1580 cm−1) overlapped with νasCOO− band. These bands are suspected to be due to νasCOO− band of, presumably, differently hydrated anions CF3COO− (νasCOO−(aq)), potentially obscured by the attraction with Na+ [34] (more detailed analysis of these (very) weak features is out of the scope of this manuscript). 
IR spectra of CF3COOD, which is dominantly dissociated in dilute water solutions [19], closely resemble those of CF3COONa recorded at the same concentrations. Additionally, a very broad and shallow feature spanned between 1600 and 1300 cm−1 is probably the signature of a solvated deuterated proton that migrates between water molecules using hydrogen bond network. [35] In 0.01 mol dm−3 solution of CF3COOD, and especially in 0.1 mol dm−3 solution, νC=O envelope can be decomposed on (at least) two relatively well resolved bands. [17] Analogously to the assignment applied in CD3COOD in D2O solutions, we presumed that these bands may originate from: i) syn and anti conformers of CF3COOD or ii) differently hydrated monomers of CF3COOD. With this respect, in 0.1 mol dm−3 solution of CF3COOD in D2O νC=Ohf appears at about 1787 ± 1 cm−1 and is partly overlapped with a signal of comparable intensity (1766 ± 1 cm−1) that is assigned as νC=Olf of CF3COOD (Table 1). Additionally, a very broad and weak feature appears at ~ 1630 cm−1 which is, as in CF3COONa, attributed to the νasCOO− band of differently hydrated anions CF3COO− (Fig. 1d). The comparison of CF3COOD spectra in D2O with those obtained in C2Cl4 at equal concentrations (Fig. 1c) confirms that CF3COOD at c0(CF3COOD)=0.001 mol dm−3 exists as an anion (CF3COO−) since the strongest signal is the one at 1679 cm−1 [36] and coincides with νasCOO− band in D2O solutions spectra. The dissociation of a compound in an inert solvent such as C2Cl4 [16] is probably due to a small amount of water vapor [37] whose presence in the air is inevitable. The traces of monomers and dimers (νC=Omono and νC=Odim) of CF3COOD and (CF3COOD)2, that are barely seen in 0.001 mol dm−3 solution of C2Cl4, by far exceed the signature of an anion at 0.01 mol dm−3 and especially at 0.1 mol dm−3 solution. Further, the signal of dimers (1789-1776 cm−1) prevails one of monomers (1808 cm−1) as the concentration rises (0.01-0.1 mol dm−3) (Table 1). By comparing the high-frequency region of CF3COOD spectra in C2Cl4, the feature at about 1776 cm−1 likely arises due to the absorption of (CF3COOD)2 species. [11] The signal of νC−O is rather weak and appears at 1386 cm−1 [37] (see Table S1 in Supporting Information). 
  [image: ]
Fig. 1. a) IR transmission spectra of CF3COONa (navy) and CF3COOD (pink) in D2O (after D2O subtraction) and CD3COOD (olive) in C2Cl4 (after C2Cl4 subtraction) in 1880-1265 cm−1 spectral range. In all cases the concentrations were: 0.001 mol dm−3, 0.01 mol dm−3 and 0.1 mol dm−3; b) a decomposition of IR transmission spectra of CF3COONa (navy) and CF3COOD (pink) in D2O (after D2O subtraction) of c0(CF3COONa, CF3COOD)=0.1 mol dm−3. Particular bands are distinguished: νasCOO− (CF3COONa, CF3COOD – cyan), νsymCOO− (CD3COOD – grey), νC=Ohf (CF3COONa, CF3COOD – wine), νC=Olf (CF3COOD – pale pink). The bands labelled with violet (CF3COONa and CF3COOD) and orange (CF3COONa) are supposed to be due to νasCOO− of differently hydrated anions CF3COO− (CF3COONa and CF3COOD) additionally associated with Na+ (CF3COONa). 


Table 1. Spectral parameters of the most relevant stretching modes of CF3COOD and CF3COONa dissolved in D2O (and C2Cl4 for CF3COOD) (0.001-0.1 mol dm−3) obtained after decomposition of observed envelopes on Lorentz profiles
	[bookmark: _Hlk162097550]compound
	
	spectral parameters of νC=Ohf(mono)/lf(dim) a

	
	c0b
	νC=Ohf
	νC=Olf

	
	
	νmaxa
	Δa
	νmaxa
	Δa

	CF3COOD in D2O
	0.001
	n. o.
	n. o.
	n. o.
	n. o.

	
	0.01
	1797 ± 1
	25 ± 5
	1768 ± 1
	14 ± 3

	
	0.1
	1787 ± 1
	28 ± 3
	1766 ± 1
	15 ± 2

	CF3COOD in C2Cl4
	0.001
	~ 1807
	~ 10
	1780
	~ 10

	
	0.01
	1809 ± 1
	10 ± 1
	1789 ± 1
	13 ± 2

	
	0.1
	1808 ± 1
	15 ± 1
	1776 ± 1
	8 ± 1

	CF3COONa in D2O
	0.001
	n. o.
	n. o.
	n. o.
	n. o.

	
	0.01
	n. o.
	n. o.
	n. o.
	n. o.

	
	0.1
	1807 ± 4
	30 ± 4
	n. o.
	n. o.


a In cm−1; b In mol dm−3; c Subscripts hf/lf and mono/dim refer to the particular νC=O band beneath the envelope obtained in D2O (hf/lf) and C2Cl4 (mono/dim); n. o. stands for not observed (probably too small to be detected). The sign ~ stands for estimation due to (very) weak intensity. The numbers associated with the highest experimental concentration (0.1 mol dm−3) are bold since the latter coincides with the computed one. 
Following the procedure presented in our previous work on CD3COOD [17], we determined the pD values of both CF3COOD and CF3COONa solutions of different concentrations (Table 2.)






Table 2. Initial concentrations of CD3COONa and CD3COOD and the concentration of dissociated CD3COOD (CD3COO−) obtained from potentiometric and spectroscopic measurements
	compound
	c0a
	pD
	α
	cdissoca (pD)
	cdissoca (IR)

	CF3COONa
	9.9∙10−4
	7.88
	-
	1.3∙10−8
	-

	
	0.00605
	7.10
	-
	7.9∙10−8
	-

	
	0.00988
	6.90
	-
	1.3∙10−7
	-

	
	0.06049
	6.84
	-
	1.4∙10−7
	-

	
	0.09880
	4.80
	-
	1.6∙10−5
	-

	CF3COOD
	8.7∙10−4
	2.18
	0.989
	8.6∙10−4
	(1.0 ± 0.2)·10−3

	
	0.00868
	0.99*
	0.852
	0.007
	0.009 ± 0.003

	
	0.08679
	−0.12*
	0.309
	0.027
	0.08 ± 0.02

	D2O
	
	6.16
	
	6.9∙10−7
	



a In mol dm−3; * questionable reliability [38]
The results on (almost) complete dissociation (see Table 2, columns c0 and cdissoc(IR)) are in agreement with other experimental studies on this strongly dissociated acid (pKa=0.23). [39] The differences on cdissoc(CF3COOD) obtained from FT-IR spectra and pD values (columns cdissoc(pD) and cdissoc(IR)) for the solution of the highest concentration (0.08679 mol dm−3) is attributed to the measurements limits of used electrode. [38] Additionally, potential differences between pKa values between CF3COOH and CF3COOD might contribute this discrepancy. [40]
The comparison of the signals of undissociated CF3COOD in both CF3COOD and CF3COONa D2O solutions enables the assignment of the number/types of the conformers that can be found in particular solution, as well as of the eventual prevalence of the particular one. As in CF3COOD/CF3COONa two features/one feature appear in the region where COOD signals are expected, emphasizing that the positions of one feature are comparable in both systems, it is reasonable to assume that two species are found in CF3COOD solution (acidic condition, Table 2), and only one in CF3COONa solution (basic conditions, Table 2). The nature of the distinct species present under acidic conditions is explored by employing computational methods.
4.2. The computational investigation of TFA vibrations. In accordance with our previous publication [17], three potential causes of band separation were investigated: syn-anti isomerization, dimerization and TFA-water complexes. DFT and MD simulations were jointly employed to evaluate the likelihood of each proposed hypothesis. The dimerization of TFA was quickly dismissed as a potential cause of experimental phenomena due to the low likelihood of dimers forming in dilute solutions. The MD simulations, which were conducted at the highest experimental concentration, confirmed no significant dimerization through the COOH group taking place within the investigated time frame. The vibrational analysis was still conducted with the intent of thoroughness, and the details can be found in Supporting Information, section S3.
Syn and anti isomers of TFA differ in the dihedral angle OCOH (0 or 180 °; see Fig. S2). The equivalent isomers of carboxylic acids were known to differ in νC=O frequencies. [18] The calculated vibrational frequencies of TFA isomers shown in Table 3 are somewhat deviating from experimental values, which was expected considering the deuterium effects or anharmonic contributions were not simulated. The calculated frequency difference is only 15 cm−1, in contrast to experimental shifts of 21-29 cm−1. This may also be attributed to the simplification of the calculated system. However, the syn-anti hypothesis is impeded by the issue of anti-TFA instability in room temperature solutions, since syn isomers are more energetically favorable and conversion barriers are large. [41] The calculated energy difference ΔGanti−syn was 8.3 kJ mol−1 , which would result in only 3.4 % of anti isomer at room temperature. The inclusion of one or two explicit waters in DFT calculations reduced the energy difference to 4.8 kJ mol−1 / 3.8 kJ mol−1, yielding 14.0 % / 20.6 % of anti-TFA. Though it is possible for the isomerization to result in spectral differences, it seems unlikely that an uneven ratio of syn-to-anti isomers would achieve two IR bands of comparable intensity. 
The third hypothesis of different hydration patterns has also been suggested to explain IR phenomena of acetic acid. Previous papers reported on the difference in monohydrated and dihydrated acids, as the prevailing species in aqueous solutions. [17,42] Therefore, MD analysis of HB formation between TFA and water was conducted to evaluate the ratios of mono- vs. di-hydrates and HB patterns established between them (details in Supporting Information, Table S3). 60 TFA molecules formed on average 85 ± 6 HBs with waters per frame (1.4 ± 0.1 HB per TFA). 13% of TFA did not establish HBs, 42% were monohydrates, 38% were dihydrates and 7% were multihydrated (more than 2 coordinating waters). As stated previously, TFA can form HBs in 3 ways which were for convenience labeled A: TFA OH group as donor, B: TFA OH group as acceptor and C: TFA C=O group as acceptor. As seen from Table S3, the most prevalent hydrate types were A and AC, with around a third of total hydrates each, while all other possibilities together account for the final third. The structures of those hydrate types were also identified through DFT configurational search (Fig. 2) and their vibrational frequencies were compared (Table 3). Focusing on the more prevalent syn-TFA, the largest shifts (34 – 43 towards lower frequencies) are featured in structures with a TFA donor bond, while TFA acceptor bonds resulted in smaller deviations from the non-hydrated species. In dihydrates, the effects of all present HBs are compounded. The DFT study did not feature multihydrates, but the additive nature of HB-induced shifts would probably also be present in these cases. From the magnitude of the shifts, the likely conclusion is that the strong lower frequency band is related to all TFA hydrates that feature an A-type bond, i.e. where TFA is the HB donor. The broader high-frequency band would thus involve the hydrates where TFA only acts as acceptor or is not hydrated at all. Since the inclusion of B or C-type bonds in any structure causes small positive or negative shifts, that would explain the broadening of both bands, particularly of the high frequency band. 
Table 3 also features the νC=O frequencies of hydrates of anti-TFA (in brackets). The impacts of A, B or C-type HBs remained the same, but the overall frequencies are higher compared to syn-TFA hydrates. In fact, the anti-TFA hydrates featuring an A-type bond are overlapping with syn-TFA hydrates without A-type bonds. Since those hydrates are sufficiently energetically favorable to take up 14 – 20 % of all hydrates in their respective groups (as calculated previously), their spectral contributions to the high-frequency band cannot be ignored. Thus, the final assignment of the spectral bands is the following: νC=Olf band features the combination of syn-TFA (mono/di)-hydrates where TFA participates in the HB network as a donor (with or without any acceptor bonds); νC=Ohf band is a combination of non-hydrated syn-TFA, (mono/di)-hydrates of anti-TFA where TFA is an HB donor and a small number of hydrates where TFA is HB acceptor only. Interestingly, the experiments also reported the lack of the low-frequency band in basic solutions. Under those conditions, the establishment of TFA donor bonds is a precursor to dissociation, so that the band disappears, and only a small proportion of non-donor TFAs are visible.
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Fig. 2. Optimized lowest energy complexes of TFA monohydrates and dihydrates labeled according to the type of hydrogen bonds established.

Table 3. Representative TFA systems calculated at ωB97X-D/maug-cc-pVTZ in SMD water, the free energy difference (from lowest energy structures), calculated νC=O frequency and the frequency difference from a single syn-TFA molecule. The main values are provided for syn-TFA, while the values in angular brackets correspond to anti-TFA.
	System
	ΔGa
	Scaled frequencyb
	Δfreqc

	TFA
	0.0 [8.3]
	1729 [1744]
	0 [+15]

	H2O-TFA:
	
	
	

	A
	0.0 [4.8]
	1695 [1721]
	-34 [-8]

	B
	19.9 [30.1]
	1735 [1748]
	+6 [+19]

	C
	18.3 [24.8]
	1718 [1735]
	-11 [+6]

	(H2O)2-TFA:
	
	
	

	AB
	0.3 [8.9]
	1700 [1722]
	-29 [-7]

	AC
	0.0 [3.8]
	1686 [1711]
	-43 [-18]

	BC
	20.9 [28.5]
	1729 [1743]
	0 [+14]

	CC
	18.8 [25.6]
	1709 [1731]
	-20 [+2]


a in kJ mol−1, in relation to lowest energy complex of its category; b in cm−1; c in relation to syn-TFA

Finally, one additional experimentally observed issue deserves to be more thoroughly elaborated: the qualitative difference in FTIR spectra of CF3COOD/CF3COONa dissolved in D2O in the spectral region that encompasses νasCOO− band. It has been suggested that the broadness of this curve in basic conditions might be related to the reduced number of D3O+ ions that generally contribute to the background of FTIR spectra of moderately strong acidic solutions [35], as well as with the possibility that CF3COO− forms solvent-separated ion pair with Na+ ions. [34] We propose it could also be the result of different hydration. From the MD simulations of TFA anions it was seen that, in contrast to protonated TFA, all anions (100%) are hydrated. Most of them form multiple HBs, and monohydrates are rare. The vibrations of mono and dihydrates (Table 4) show that each HB established by a C=O group shifts the frequency by ~10 cm−1. Since most of the anions are multihydrated, the experimental band would thus be mainly positioned at higher frequencies with a trailing component towards lower frequencies derived from the small amounts of anions with low HB counts. 
Table 4. Representative TFA anions and their hydrates calculated at ωB97X-D/maug-cc-pVTZ in SMD water, the free energy difference (from lowest energy structures), calculated νasCOO− frequency the frequency difference from a single TFA anion. 
	System
	ΔGa
	Scaled frequencyb
	Δfreqc

	Anion
	0.0
	1579
	0

	H2O-anion
	0.0
	1589
	+10

	(H2O)2-anion:
	
	
	

	Same O
	0.0
	1598
	+19

	Different O
	1.4
	1588
	+9


[bookmark: _Hlk168266191]a in kJ mol−1, in relation to lowest energy complex of its category; b in cm−1; c in relation to non-hydrated anion

5. Conclusion
The results obtained in this work confirm the presence of undissociated CF3COOD not just in dilute aqueous (D2O) solutions (0.001-0.1 mol dm−3), but, more importantly, also in solutions of CF3COONa. The acquired FTIR spectra confirm the pH-dependence of the appearance of a particular TFA species, which was identified computationally as TFA HB donor. The variety of possible TFA hydration patterns appears to have a predominant influence on the appearance of FTIR spectral profiles, in conjunction with syn-anti isomerism that becomes more relevant in hydrated complexes. Ultimately, the findings obtained in this research should shed light on the stability of complexes of undissociated TFA with water droplets/aerosol. 
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