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ABSTRACT: Per- and polyfluoroalkyl substances (PFAS) are con-

taminants of increasing concern, with over seven million compounds CooCo ,"4 o) 1;} PP 9, ER
currently inventoried in the PubChem PFAS Tree. Recently, ion Likely PFCA dimer 239 0, e s
mobility spectrometry has been combined with liquid chromatography ([2M-H]) structures: "3 7 9% 9333 },: » ff 2y 305 f‘..
and high-resolution mass spectrometry (LC-IMS-HRMS) to assess R 8 3
PFAS. Interestingly, using negative electrospray ionization, perfluor- CrC 237370V . °
oalkyl carboxylic acids (PFCAs) form homodimers ([2M-H]7), a 543“4‘34 s 8 Experimental CCS
phenomenon observed with trapped, traveling wave, and drift-tube IMS. Ll 4:’ . ® $

In addition to the limited research on their effect on analytical © s °

performance, there is little information on the conformations these . ! * Predicted CCS

dimers can adopt. This study aimed to propose most probable .

conformations for PFCA dimers. Based on qualitative analysis of how
collision cross section (CCS) values change with the mass-to-charge
ratio (m/z) of PFCA ions, the PFCA dimers were hypothesized to likely adopt a V-shaped structure. To support this assumption, in
silico geometry optimizations were performed to generate a set of conformers for each possible dimer. A CCS value was then
calculated for each conformer using the trajectory method with Lennard-Jones and ion-quadrupole potentials. Among these
conformers, at least one of the ten lowest-energy conformers identified for each dimer exhibited theoretical CCS values within a
+2% error margin compared to the experimental data, qualifying them as plausible structures for the dimers. Our findings revealed
that the fluorinated alkyl chains in the dimers are close to each other due to a combination of C—F:-:O=C and C—F--F—-C
stabilizing interactions. These findings, together with supplementary investigations involving environmentally relevant cations, may
offer valuable insights into the interactions and environmental behavior of PFAS.

#FC

B INTRODUCTION

Per-and polyfluoroalkyl substances (PFAS) are a group of
molecules containing at least one fully fluorinated carbon atom
(either —CF; or —CF,—)." Since the 1950s, they have been
widely used in industrial and commercial applications due to
their specific properties, such as grease and water repellency as
well as thermal resistance.”~* However, because of their
inherent stability and extensive use, these compounds are
found and prevail in many environmental matrices. Since

underscores the urgent need for large-scale suspect and
nontargeted screening methods to identify these substances.”"*

Currently, most approaches analyzing PFAS rely on reverse-
phase liquid chromatography (RPLC) coupled with high
resolution mass spectrometry (HRMS).”'%'>"> However, the
identification of emerging PFAS remains challenging due to
the numerous different classes of PFAS, with various functional
groups, potential presence of numerous isobars or isomers,'”'*

as well as the limited availability of analytical standards.'’ In

toxicological studies have linked PFAS exposure to a variety of
health issues,” many concerns have been raised about the
ubiquitous presence. In response to growing concerns about
long-chain perfluoroalkyl carboxylic acids (PFCAs) and
perfluoroalkyl sulfonic acids (PFSAs),® major manufacturers
voluntarily discontinued production of these substances, their
salts, and related compounds, in the early 2000s.>” As a result,
alternative PFAS have emerged on the market.® Nevertheless,
these alternative PFAS may not be any less persistent, toxic or
bioaccumulative than the legacy PFAS they replace.””"" This
© XXXX American Society for Mass

Spectrometry. Published by American
Chemical Society. All rights reserved.

WACS Publications

this regard, the coupling of ion mobility spectrometry (IMS)
with conventional LC-HMRS setups has been introduced to
offer new perspectives for PFAS analyses.'>'*~'® IMS is a fast
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separation tool, acting in the millisecond range, which can
differentiate ions based on their charge, and gas-phase size and
shape.'*™'® Briefly, ions are accelerated by an electric field
against a buffer gas and separated based on their mobility
under these conditions.'”'® The time scale of IMS is
compatible with chromatographic separation (on the order
of seconds) and time-of-flight mass analyzers (TOF-MS) (on
the order of microseconds), thereby increasing peak capacity
without increasing analysis time.'*”"® In addition, the collision
cross-section (CCS) calculated from IMS data can be seen as a
molecular descriptor related to the apparent bulk density of the
gas-phase ions, providing an additional point of identifica-
tion."”'®'? In the case of PFAS, CCS versus mass-to-charge
ratio (CCS-m/z) trendlines are observed for homologous
series, which can further enhance the confidence in identifying
homologous PFAS.""*° A few studies have reported the
analysis of PFAS using LC-IMS-HRMS with negative electro-
spray ionization (ESI) 1620724 primarily employing drift tube
ion mobility spectrometry (DTIM). Two of these studies
identified the presence of deprotonated PFCAs [M-H],
decarboxylated PFCAs [M-H—CO,]” and dimeric forms of
PFCAs ([2M-H]7).'"*" These dimeric species were also
observed using traveling wave IMS (TWIMS).” In both cases,
the LC mobile phase was buffered with ammonium acetate,
and the injected solution contained PFCA concentrations
ranging from 0.2 to 10 pg/mL. This dimer formation is
therefore a characteristic of PFCAs, under the conditions of
multiple different IMS configurations. This is corroborated by
a study reporting that the hydrogen bond between the two
carboxylate groups, which is responsible for PFOA homo-
dimers formation, is particularly strong, as these dimers were
still detectable at high acceleration potentials (i.e., 150 V).

While these experimental studies have illustrated dimer
presence, there is limited knowledge about the conditions
under which PFAS dimers are formed or detected, and if it is
dependent on the IMS setup employed. Furthermore, the
proportion of dimers detected can significantly influence the
sensitivity of the target analyte in negative mode studies.'’
Conversely, the presence of a dimeric ion can serve as an
additional point of identification for the analyte.”' Little,
however, is known about possible conformations PFAS may
adopt in the gas phase. Thus, understanding the conformation
of these dimers could 6provide information on the environ-
mental fate of PFAS™ or their possible biological inter-
actions.”’

In this study, the CCS values for PFCA dimers (and
monomers) were evaluated experimentally with three different
IMS setups (DTIMS, TIMS and TWIMS). CCS values were
obtained for homodimeric ions of the PFCA homologous
series (spanning PFCAs with 4 to 18 carbon atoms), and the
CCS versus m/z dimer trend was analyzed to infer structural
information. CCS theoretical calculations were then employed
to assess the PFCA dimer conformations.

B EXPERIMENTAL SECTION

Chemicals. Initial LC-TIMS-TOF MS experiments to
assess PFCA dimerization were conducted using a mixture of
PFAS standards purchased from Wellington laboratories, Inc.
(Guelph, Canada), under product code “PFAC-MXC”. This
mixture included C,—C,,, C,4 and C;g PFCAs, and C,—C,,
and C,, PFSAs, at an initial concentration of 2 ug/mL. The
mixture was then diluted to a final concentration of 0.1 yg/mL
in methanol (99.9%, Biosolve). Additional individual PECA

analytical standards matching those in the mixture were
obtained from Dr. Ehrenstorfer GmbH (Augsburg, Germany).
Each PFCA standard was solubilized in methanol and diluted
to a concentration of 10 yg/mL. For the direct injection (DI)
DTIM study of [2M-H]~ dimers, five solutions (300 ng/mL
each) were prepared in MeOH by mixing pairs of PFCA
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standards: C4+C,,, Cs+Cy3 Ce+Cyy C+Cyy and Cg+Cp. A 126
300 ng/mL solution of Cy PFCA and 400 ng/mL solutions of 127

C,s and C,3 PFCAs were also prepared in methanol. A C,+Cg4
solution was prepared by adding a TFA (trifluoroacetic)
solution to the 400 ng/mL C,s PFCA solution, achieving a
final TFA concentration of 100 ng/mL. These solutions
enabled the detection of both heterodimeric and homodimeric
species. For instance, the C,+C;, solution allowed the
detection of the C,—C, and C,,—C,, homodimers, as well as
the C,—C,,; heterodimer. For the DI-TIMS and DI-TWIMS
analysis of [2M-H]~ dimers, the same 300 ng/mL or 400 ng/
mL solutions were prepared in methanol containing 0.1%
formic acid.

Instrumentation. Initial LC-TIMS-TOF MS experiments
on the PFAC-MXC mixture were carried out using an Acquity
I-Class UPLC system, coupled with a TIMSTOF Pro2
spectrometer (Bruker Daltonics, Bremen, Germany), equipped
with an ESI source operated in negative mode. Chromato-
graphic separation was performed using an Acquity BEH Cg
column heated to 45 °C (2.1 X 150 mm X 1.7 um particles)
(Waters, Milford, MA, USA). The injection volume was S L.
The flow rate was 0.2 mL/min with a binary mobile phase
gradient of water with 0.1% formic acid and acetonitrile
(detailed conditions available in the Supporting Information
(S.1)). For DI-TIMS experiments, the 300 ng/mL and 400
ng/mL PFCA solutions were introduced directly into the ESI
source at a flow rate of 5 pL/min via the integrated syringe
pump of the TIMSTOF instrument.

Direct injection experiments on the 300 ng/mL and 400 ng/
mL PFCA solutions were also conducted using the TWIMS
SYNAPT G2 HDMS mass spectrometer (Manchester, UK)
and the Agilent 6560 drift tube ion mobility quadrupole time-
of-flight mass spectrometer (DTIM-QTOF) in negative ESI
mode. PFCA solutions were injected directly using an Agilent
1290 Infinity II UPLC connected to the DTIM-QTOF, using
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an injection volume of 2 L. The mobile phase consisted of 161

methanol with 0.1% formic acid, at a flow rate of 0.2 mL/min.
For TWIMS experiments, PFCA solutions were injected
directly into the ESI source at a flow rate of 6 yL/min using
a syringe pump. Calibration of CCS values for all three IMS
instruments was carried out using low-concentration tune
mixture (Agilent Technologies, Santa Clara, USA). Detailed
experimental parameters, CCS calibration procedures, and data
processing methods for each IMS setup can be found in the S.L
The reported CCS values obtained from DTIM and TIMS
represent the average of five injections, whereas the CCS
values reported for TWIMS are the average of three injections.

Theoretical Calculations of CCS Values. A comprehen-
sive workflow was developed to explore a set of conformers for
each PFCA dimeric ion (See result part for greater details).
The process began with 15 distinct orientations of the two
fluorinated chains relative to the proton. Additional con-
formers were generated through relaxed potential energy scans.
These conformers were then optimized using density func-
tional theory (DFT), with M06-2X functionals, employing the
Gaussian 16 software package.”® Following optimization, CCS
values were predicted using the trajectory method imple-
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Figure 1. Extracted ion mobilograms (EIMs) of the deprotonated PFHxA ion (green upper trace) and of the dimeric PFHxA ion (blue lower

trace). A 2D schematic of each ion is shown in the plots.

183 mented in IMoS software (version 1.13).”” This method
184 includes a 4—6—12 potential®® and the inclusion of the ion
185 quadrupole potential for nitrogen was considered. Finally, for
186 each dimer, a Boltzmann-weighted (BW) average CCS value
187 was computed based on the zero-point corrected energies of
188 each optimized conformer.

1390 l RESULTS AND DISCUSSION

190 PFCA Dimer Formation in IMS. For the experimental
191 analyses of the PFAS molecules, both monomers and dimers
192 were assessed. Tables presenting the experimental and
193 theoretical CCS values for both monomers and dimers are
194 provided in the S.I.

195 The ionization of PFCAs in negative ESI mode can lead to
196 the formation of homodimeric ions ([2M-H]~). These ions
197 were detected in LC-TIMS-TOF MS on the PFAC-MXC
198 mixture, with some undergoing dissociation into their
199 corresponding deprotonated ions ([M-H]™) between the
200 TIMS cell and the TOF mass analyzer.

200 This process, termed here as “post-TIMS dissociation”,
202 results in the detection of ions with the m/z of the [M-H]™ ion
203 but exhibiting the ion mobility of the [2M-H]™ ion since they
204 move through the IMS cell as dimers but break into monomers
205 following mobility analysis. The consequence is a mobilogram
206 showing several peaks for the deprotonated ion. Figure 1
207 illustrates this phenomenon for perfluorohexanoic acid
208 (PFHxA). The upper and lower traces represent the mobilo-
209 grams of the [M-H]™ and [2M-H]" ions, respectively. The first
210 peak, displaying the lowest inverse reduced ion mobility (1/
211 Ky), corresponds to the monomeric form of the deprotonated
212 ion, which has the lowest CCS value. The third peak, aligned
213 with the mobility of the homodimeric ions, corresponds to [M-
214 H]™ ions generated via post-TIMS dissociation of the [2M-
215 H]™ ions. The second peak arises from post-TIMS dissociation
216 of an adduct of the [M-H]~ ion and trifluoroacetic acid.

217 As illustrated for PFHxA (Figure 1), the intensities of
218 dimeric and monomeric ions are comparable. This dimer
219 formation could therefore negatively affect the sensitivity of the
220 analysis, but more quantitative studies are needed to confirm
221 this. Furthermore, if these dimers undergo post-TIMS
222 dissociation, as shown in Figure 1, they may complicate the
223 identification process. Nevertheless, dimeric ions can also
224 provide additional identification confidence, which is partic-
225 ularly useful when interferences coexist with the monomeric

ions or when the monomeric ions are not observable due to 226
excessive in-source fragmentation, while the dimeric ion 227
remains stable enough to be observed. For example, in the 228
case of C, PFCA, the monomeric ion was not detected, but its 229
dimeric ion was observed. 230
This formation of dimeric PFCA ions is more likely 231
attributed to their physicochemical properties,'’ rather than 23
the ionization conditions or TIMS configuration. Similar 233
observations were made using two other IMS instruments 234
having DTIM and TWIMS cells. Additionally, in this study, a 235
mobile phase containing formic acid was used, but dimer 236
formation has also been observed when using a mobile phase 237
buffered with ammonium acetate, as reported in the 238
literature.'"*"** These findings suggest that dimer formation 239
is a characteristic feature of these compounds, with minimal 240
dependence on the mobile phase. CCS values for [2M-H]™ 241
PFCA ions were obtained with all three devices via direct 242
injection of 300 ng/mL or 400 ng/mL PFCA solutions (see 243
Experimental section), with no notable differences observed 244
(within +29%)***! (Figure 2a). The same consistency was 245 £
found for the monomeric ions (Figure 2b) (see Table S3 and 246
S4 for the [M-H]™ and [2M-H]~ CCS values). This finding 247
demonstrates that the CCS values for both monomeric and 248
dimeric ions are reproducible across the three IMS setups, 249
which is analytically relevant. The consistency of the CCS 250
values and trendlines further suggests that the ion structures 251
remain similar, regardless of the IMS instrument used. 252
Experimental CCS Trendlines and Initial Structural 2s3
Hypotheses. To understand CCS versus m/z trendlines, the 254
CCS for each observed monomer and dimer were plotted 255
versus their number of fluorinated carbon atoms. In Figure 2 (a 256
and b), the x-axis represents the number of fluorinated carbon 257
atoms (#FC), which can be seen as the degree of polymer- 258
ization (DP). For example, #FC is S for PFHxA [M-H]™ ions 259
and #FC is 10 for PFHxA [2M-H]" ions. These plots illustrate 260
trendlines between CCS values and DP for monomeric and 261
dimeric ions, which can be compared with previous 262
homopolymers analyses.””* These studies demonstrated that 263
a power regression model can describe the relationship 264
between CCS with DP, as shown in eq 1. 265

Q = A-DPP” (1) 66

Where Q represents the CCS, DP represents the degree of 267
polymerization (#FC in PFAS case), and A and pow are the 268
fitting parameters. 269
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However, the CCS were found to differ (Figure 3; see Table 3003
SS for the values), showing a consistent trend across all IMS 301

400
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Figure 2. Comparison of CCS values obtained by DTIM, TIMS and
TWIMS for dimeric (A) and monomeric (B) ions of PECA. The x-
axis represents the number of fluorinated carbons in the ions and the

error bars represent twice the standard deviation, on five (DTIM,
TIMS) or three (TWIMS) replicates.

The parameter A reflects the apparent density, as it accounts
for the increase in CCS resulting from the addition of a
repeating unit of a certain mean volume. A low value of A
corresponds to a higher bulk density.”” To gain insight into the
likely structures of PFCA ions, the most relevant parameter is

275 pow, which provides information about the general shapes of
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the ions.”® Haler and co-workers have demonstrated that a pow
value close to 2/3 implies a generally spherical shape growing
isotropically, while a value near 1 indicates a cylindrical shape.

This linear relationship is observed for monomeric PFCA
ions (Figure 2b), suggesting that the addition of a CF, unit (or
FC) leads to ion growth in the form of a cylinder (Figure Sla),
where the length increases but the diameter remains constant.

However, for dimeric ions, the evolution of CCS values with
#FC is no longer linear and is better described using a power
regression model, with a pow value of 0.45 when using eq 1.
This indicates that the PFCA homodimers no longer adopt a
cylindrical shape but may instead form a V-shaped structure
with the proton connecting the two carboxylate ends (Figure
S1b). This raises the question of the angle between the two
fluorinated chains in these dimers. Since the pow factor is
different from 2/3, the overall shape of the dimers is unlikely to
be spherical (Figure Slc). To investigate this, several mixtures
of two PFCA homologues capable of forming isomeric dimers,
such as C,+C,, (i.e, 3 FC + 13 FC), Cs+C,; and Cg+C,, were
analyzed by direct injection (DI), to promote the formation of
the corresponding heterodimers (e.g, C,—Cy,). The rationale
was as follows: if the PFCA dimers were spherical, similar CCS
values would be expected regardless of asymmetry, because
their overall shape would be equally compact and globular.

254 o DTMccs,,
252 | . o ™Scesy,
050 | N . o TWIMSCCSN2
248 | . —— DTMces,, + 2%
Sl v
2] - L]
8 242 * 3 . T =
240 1 DA
238 |
236 1
234 : : :

1-156 3-13 4-12 5-11 6-10 7-9 8-8

# Fluorinated carbons (#FC) in each chain

Figure 3. Comparison of CCS values obtained by DTIM, TIMS and
TWIMS for asymmetrical and isomeric dimeric ions of PFCA. The x-
axis represents the association between fluorinated carbons numbers
in the two PFCA forming the dimer. The error bars represent twice
the standard deviation, on five (DTIM, TIMS) or three (TWIMS)
replicates.

devices used (DTIM, TWIMS, or TIMS). Specifically, CCS
decreased as the asymmetry of the dimers decreased. This
observation effectively rules out the possibility of spherical
[2M-H]~ PFCA ions. Moreover, the similar trend observed
across all three IMS setups reinforces the idea that the
structural differences between these asymmetrical dimers are
consistent, regardless of the IMS device employed.
According to this analysis of CCS versus m/z trendlines,
PFCA monomeric ions are expected to have a cylindrical
shape, while dimeric ions are neither cylindrical nor spherical.
The most likely alternative is an intermediate structure,
potentially a V-shape, for these dimers. These hypotheses
were further explored using in silico CCS assessments. The aim
was to develop a computational workflow for predicting the
CCS of the dimeric ions to reproduce experimental CCS

31§
316

trendlines and provide insight into the plausible structure of 317

PFCA dimers.

Quantum Chemistry-Based Predictions of Dimer
Structures. To assess potential PFCA structures for
comparison to experimental studies, first a set of conformers
must be generated and optimizated, and their CCS values
calculated. A final CCS value is then reported, based on an
appropriate averaging method.”* ™’ The following sections
describe the implementation of a theoretical workflow for
PFCA dimer analyses. This workflow was first tested and
validated on monomeric ions before being applied to the
dimeric ions.

Conformer Generation and Optimization for Dimeric
lons. In the case of the PFCA dimers studied, the first
challenge is the generation of conformers. In the literature, this
process is frequently carried out using molecular dynamics
(MD) simulations, which rely on parametrized force fields
such as MM2,”° MMFF94° or Generalized Amber Force Field
(GAFF).*** However, these force fields are not well suited for
modeling noncovalent proton bonding, as they do not
(adequately) describe the proton (H*). In addition, they
may not be properly parametrized for PFAS-type molecules
with multiple fluorine atoms. As a result, conformer generation
via MD could lead to inaccurate starting geometries for PECA
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341 dimers. Thus, an alternative strategy for generating conformers includes long-range interactions and has been demonstrated to 366
342 had to be implemented. The workflow for conformer accurately describe noncovalent interactions,” predict the 367
343 generation and CCS calculation for dimers is summarized in thermostability of PFCA"' and PFSA™” isomers, and determine 36s
34+ Figure 4. the pK, values of PFAS.* 269

After optimizing the 15 initial geometries, the five with the 370
— ; lowest energies were selected for relaxed potential energy scans 371
15initial geometries . . L .

(1.0, different orientation of to sample the conformational space and potentially identify 372
H' versus CO, groups) low energy conformers. The first F—C—C—F dihedral angle 373
adjacent to the CO, group of one of the chains (the longest in 374
! the case of asymmetrical dimers) was scanned with 36 steps of 375
o .

15 optimized 10° each, using the MO6-2X/6-31+G(d,p) level of theory. 376
geometries ! Subsequently, the second F—C—C—F dihedral angle was 377
5 lowest energy scanned on the local minimum structure identified from the 378
\ geometries / previous scan. It was observed that further analysis of other 379

Scan of the two first F-C-C-F dihedrals did not yield lower energy conformers; therefore, no 3so

PM6 + DFT M06-2X

dihedrals nextto | a CO, group additional dihedrals were scanned. From the 72 conformers 3s1
5+ 72 conformers generated for each geometry, three of the lowest-energy 3s2
conformers, which were sufficiently distinct, were selected for 383

v reoptimization and frequency calculations at the same level of 384

5* 3 conformers theory used for the scans. Finally, out of the 30 optimized 385

DFT M06-2X conformers obtained, the ten lowest-energy conformers 38

without imaginary frequency were selected for CCS prediction. 387

In addition, if a dimer yielded a conformer with both the 388

lowest energy and a consistent CCS value, its angles (dihedrals 3s9

Trajectory method and 0,C—H—CO,) were applied to the other dimers. If this 390

(Lennard-Jones, qpol) conformer exhibited sufficiently low energy and a structure 391

CCS calculations L. . ! . .

distinct from the previously identified conformers, it was 392

included among the ten conformers used for CCS analysis. 393

Conformer Generation and Optimization for Monomeric 394

Calcutation ofa lons. The workflow described for dimers required slight 395
Boltzmann-weighted . .. . . .

average CCS value adaptations for monomeric ions. This workflow is summarized 396

in Figure S3. Redundant scan analyses were conducted at the 397

M06-2X/6-31+G(d,p) level of theory. The analysis started 398

with the F—C—C—F dihedral adjacent to the CO, part, 399

10 (out of 15 +15)
low-energy
structures

15 additional
conformers

CCSvalues for the
10 structures

Lowest energy
+CCSvalue
d within 2% error

One plausible
structure

— Main —. Additional = Objective of ---- Predictive followed by scanning the second F—C—C—F dihedral angle 400
results  conformer  the study purpose over the lowest-energetic conformer identified, and continuing 401
generation similarly for subsequent dihedrals. This analysis showed that 402

N__/ Down-selection based on the lowest energies the dihedrals closest to the CO, group had the greatest 403

influence on conformer energy, while those closer to the CF; 404
tail were preferentially at around 155°—165°. Following these 4o0s
scans, seven distinct low-energy conformers were selected, 406
along with the helical isomer (i.e., all dihedral angles around 407

Figure 4. Workflow for conformer generation and CCS calculations
for PECA dimeric ions.

345 To minimize bias from initial assumptions, 15 different 165°). The selection was designed to ensure a diverse 408
346 starting geometries (see Figure S2) were optimized for each conformer set: at least two conformers with one dihedral 409
347 dimer. The starting geometries were constructed by consider- angle less than 165°, three conformers with two dihedrals less 410
348 ing two linear fluorinated chains with varying positions relative than 165° and for longer monomeric ions, at least one 411
349 to the proton. In some cases, the two fluorinated chains are conformer with three dihedrals less than 165°. The selected 412
350 positioned opposite each other, while in others, they are conformers were then reoptimized at the M06-2X/6-31+G- 413
351 parallel, to sample a broad range of possible orientations. For (d,p) level of theory and used for CCS analysis. 414
352 each dimer, the same 15 initial chain orientations were used, Theoretical CCS Calculation. Theoretical CCS calculations 415
353 but the lengths of the fluorinated chains were modified to were performed using the trajectory method (TM), regarded 416
354 represent the experimental molecules. These geometries were as the most rigorous approach.'”** The TM method used was 417
3ss then preoptimized using the PM6 semiempirical method to implemented in IMoS (version 1.13), and employed 4—6—12 418
356 ensure a plausible structure for the dimers. This semiempirical Lennard-Jones (LJ) potentials"** supplemented by an 419
357 method was chosen because it has been shown to provide a additional ion-quadrupole potential to study ion mobility in 420
358 reliable first approximation for PFAS structures®® and hydro- N, *° Previous studies have demonstrated that adding this ion- 421
359 gen bonds.”” The resulting geometries were then optimized quadrupole interaction considerably enhances the agreement 422
360 using DFT calculations with the M06-2X functional at the 6- between experimental and theoretical CCS values for 423
361 31+G(d,p) level at 298.15 K. To accurately predict the carboxylic acids anions.”” Consequently, it can be reasonably 424
362 geometries and energies of PFCA dimeric ions, it is essential to assumed that a similar improvement would apply to dimeric 425
363 use a function that properly accounts for long-range PFECA ions. For the calculations, Mulliken and Natural Bond 426
364 interactions, such as hydrogen bonds and F—F interactions. Orbital (NBO) atomic charge descriptions were tested. The 427
365 The M06-2X functional is well-suited for this purpose, as it number of gas molecules per orientation was 300,000 and the 428
E https://doi.org/10.1021/jasms.5c00007
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429 gas temperature was set to 304 K, the default parameter. Note
430 that none of the IM mass spectrometers used during this study
431 were equipped with a gas temperature control in the IM cell
432 section. Because the CCS values remained consistent across
433 the three IMS setups, the ion effective temperature and the
434 buffer gas temperature were assumed to be similar between the
435 three instruments, which is generally accepted to be room
436 temperature.*® Therefore, the default temperature of 304 K
437 was retained to compute the CCS values.

138 CCS Averaging Method. Once the CCS values were
439 calculated for the ten lowest-energy structures (for dimers,
440 Figure 4) or eight lowest-energy conformers (for monomers,
441 Figure S3), a single CCS value needed to be obtained for
442 predictive purposes. Reporting the CCS value of the lowest
443 energy conformer may not always be relevant, as this
444 conformer might not represent the global minimum. However,
445 recent studies have shown that using a Boltzmann-weighted
446 (BW) average CCS value offers greater accuracy.”* >’ This
447 approach is also more representative of IMS experiments, as
448 the reported CCS value reflects the weighted average of
449 conformers based on their probability and lifetime within the
450 IMS cell.***® Boltzmann weighting was performed using zero-
451 point corrected energies calculated by DFT*® and the same
452 temperature as the CCS calculations (304 K). Zero-point
453 corrected energies were used, as they are expected to be less
454 sensitive to approximation errors than Gibbs free energy,
4ss where anharmonic contributions to the entropic term may not
456 be n(=.gligibl<e.47’48

457 Theoretical Workflow Assessment. To assess the theoreti-
458 cal workflow, it was initially tested on 11 monomeric PFCA
459 ions (C4—Cyy, Ci and C,g), whose conformations could be
460 compared with those reported in the literature.”****~>' For
461 the comparison between the experimental and theoretical CCS
462 values, the CCS values obtained in DTIM served as the
463 reference, as they did not differ notably (within +2% error)
464 from the CCS values obtained in TIMS or TWIMS. The
465 assessment did not focus on the conformer generation process,
466 as it differs between dimers and monomers. Instead, the
467 primary validation centered on evaluating the level of theory
468 applied for conformer optimization and energy calculations, as
469 well as the parameters used for theoretical CCS calculations.

470  Therefore, for certain monomeric ions (Cq Co C;, and
471 Cy4), the eight lowest energy conformers were additionally
472 reoptimized with two other functionals that account for
473 dispersion effects: CAM-B3LYP and WB97XD. Furthermore,
474 the 6-311++G(d,p) basis set was also tested with the M06-2X
475 functionals. The main results for monomeric ions were that the
476 M06-2X/6-31+G(d,p) level of theory provided a reliable
477 starting point for geometry optimization (see Table S6 and
478 Figure S4), with the 6-311++G(d,p) basis yielding comparable
479 results. The CAM-B3LYP and WB97XD functionals were less
480 accurate, tending to overestimate BW average CCS values for
481 long-chain PFCA monomers.

482 The effect of charge descriptors on theoretical CCS
483 calculations (Mulliken and NBO) was investigated, and the
484 advantages of considering ion-quadrupole interactions were
485 observed. Partial charge descriptors had little impact, but
486 Mulliken descriptors performed slightly better. Including the
487 ion-quadrupole potential for nitrogen in the TML] method
488 proved necessary for PFCAs, leading to an 8—10% increase in
489 the predicted CCS, improving agreement with experimental
490 data.

_

—

har

Using the conformers reoptimized at the MO06-2X/6- 491
31+G(d,p) level of theory and employing Mulliken charge 492
descriptors, 100%, 82% and 64% of BW average CCS values 493
were predicted within 5%, 3% and 2% error margins, 494
respectively. These results are comparable to those of machine 495
learning tools specifically trained for PFAS. For instance, 496
CCSP 2.0 predicts 70% of PFAS CCS within a 3% error 497
margin,”® while another model (RF-Rdkit)>* achieves 95% of 498
PFAS CCS predictions within an 8% error margin. In our 499
study, the CCS deviations range from —3.6% (—5.2 A%) for soo
PFHpA (C,) to +2.4% (+5.8 A*) for PFODA (C,5). However, so1
prediction accuracy could likely be improved by including a so2
larger and more diverse set of conformers to reduce potential 303
biases toward overly compact or extended structures. Never- so4
theless, the primary goal of this study was not to achieve the sos
highest possible accuracy but rather to gain insights into s06
plausible structures of PFCA ions. In this respect, the helical s07
isomer was generally not the lowest-energy conformer, which is s0s
consistent with findings from a recent study”’ (see Figure S5— 509
S8 for a representation of the conformer ensemble for Cg, Cq, 510
C,, and C,4 monomeric ions). For C;; PECA (#FC = 10) and s11
longer chains, the CCS value for the helical isomer (#6 in si2
Figure S7 and #8 in Figure S8) exceeded the DTIM s13
experimental value by more than 2%, suggesting that it is s14
unlikely to be the dominant conformer in the IMS cell. Second, 515
the lowest-energy conformer (#1 in Figure S5—S8) identified si6
using the monomer workflow typically showed a CCS value 517
with an error exceeding 2% compared to experimental results, s18
indicating it may not represent the most probable structure si9
under experimental conditions. This is probably because the s20
global minimum energy conformer has not been identified. To s21
obtain plausible structural representations, the conformers with s22
the lowest energy among those whose CCS value lies within a 523
2% error margin were selected and reported (see Figure S9). s24
These conformers have an energy no more than 0.6 kcal/mol s2s
higher than that of the lowest-energy conformer, making them s26
relevant for further analysis. A similar pattern is observed for all 527
monomeric PFCA ions (Figure S9): the first two or three F— s2s
C—C—F dihedrals are typically less than 70—80°, causing the s29
CO, moiety to curve toward the fluorinated chains. This s30
behavior is consistent with the low-energy conformers reported s31
in the literature,”**>" and such chain bends can be attributed s32
to C-F-C = 0> or C—F--0=C’" stabilizing hyper- 533
conjugativesd'_36 interactions. For example, in the least s34
energetic conformers of C4 PFCA, second-order perturbation s3s
theory shows that negative hyperconjugation occurs between s36
the lone pair of an oxygen atom (donor orbital) and an s37
antibonding 6*_g orbital (acceptor orbital). This interaction s3s
is possible if a fluorine atom is at a 2.70—2.75 A distance from s39
the O atom. Other hyperconjugation can also occur between s40
bonding 6_q orbitals (donor) and antibonding 6*_g orbitals s41
(acceptor). 542

Despite these local bends, the overall shape remains 543
approximately cylindrical, though with a slight “ball-cylinder” s44
shape (Figure S10), where the length of the cylinder increases s4s
while the diameter remains nearly constant, and the “ball” size s46
may slightly vary with chain length. This shape is still s47
consistent with the linear CCS-m/z trendline.”” 548

Thus, the chosen level of theory for the PFCA monomeric s49
ions for geometry optimization and energy calculations, along ss0
with the CCS calculation parameters, are appropriate and ss1
reliable. Therefore, we can apply the same workflow to ss2
calculate the CCS values for dimeric ions. 553
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Results for PFCA Symmetrical Dimeric lons. For the
symmetrical dimeric ions, an initial observation can be made
regarding the 15 initial geometries. When optimized at the
MO06-2X/6-31+G(d,p) level of theory, some geometries
resulted in extended structures where the two fluorinated
chains were positioned opposite each other, while others
formed compact structures with the fluorinated chains parallel
and in close proximity (see Figure S11 for the C4—C,y dimer).
Notably, as the chain lengths increased in these dimers, the
Boltzmann weight of the parallel structures also increased. For
example, it was 2% for the C,—C, dimer, 20% for the Cy—C,
dimer and 98% for the C,4—C,¢; dimer. This trend may be
linked to the fact that the increase in the chain length provides
more opportunities for stabilizing C—F---F—C interactions
involving a three-point motif.”> These interactions are thought
to play an important role in the van der Waals forces between
fluorinated chains.”” However, when only the 15 initial
geometries are considered for CCS calculations using Mulliken
descriptors, the BW average CCS value was found to be 3—
11% higher than the experimental value, although the
theoretical CCS trendline resembles the experimental trendline
(see Figure S12). Furthermore, if parallel conformations are
excluded from the BW CCS calculations, the resulting
trendline becomes nearly linear (see Figure S12). This initial
observation suggests that the overall structure of dimers may
vary with increasing chain length, with longer-chain dimers
being more likely to adopt a parallel conformation. This
hypothesis is further supported by the fact that the
experimental CCS of a dimeric ion is around 41—46% higher
than that of its corresponding monomeric ion, rather than
double its CCS value. Consequently, a parallel conformation of
the two fluorinated chains in the dimer (#3 in Figure S11)
appears more likely than an opposite conformation (#1 in
Figure S11).

As the BW average CCS values calculated based on the 15
initial geometries were overestimated, relaxed potential energy
scans were performed. In the monomeric ions, the dihedral
angle closest to the carboxyl group had the greatest impact on
conformer energy. Therefore, to save computational time, only
the first two F—C—C—F dihedrals were scanned in one of the
two fluorinated chains of the dimeric ions. Conformer
selection and reoptimization were conducted as previously
described (Figure 4), using the M06-2X/6-31+G(d,p) level of

theory, to calculate the final BW average CCS values (black
dots in Figure S and Table S7). For some dimers, CAM-
400
350 A e
s
300 { =
< s S
< o
& 250 &
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o e
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P = e Experimental (DTIM)
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® Theoretical (6-31+G(d,p), Mulli)
e Theoretical (6-311++G(d,p), Mulli)
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5 10 15 20 25 30 35

# Fluorinated carbons (#FC)

Figure S. Comparison of theoretical Boltzmann-weighted average
CCS values for PECA homodimeric ions, calculated using conformers
optimized using the MO06-2X functional and Mulliken charge
descriptors, with experimental CCS values.

B3LYP and WB97XD functionals were tested to reoptimize the
same ten lowest-energy conformers identified using the M06-
2X/6-31+G(d,p) method. However, these functionals over-
estimated the CCS values (data not shown) and were therefore
discarded. Conversely, reoptimizing the ten lowest-energy
conformers with the MO06-2X functional and the 6-311+
+G(d,p) basis set produced promising results and were
subsequently applied to all dimers (blue dots in Figure S and
Table S7).

For all dimers (C,—C, to C;3—C4) except one (C;,—C; or
C,5—Cyg), the workflow developed provided BW average CCS
values within a 5% error margin. This was achieved using the
MO06-2X functional (with either the 6-31+G(d,p) or 6-311+
+G(d,p) basis sets) for conformer optimization and energy
ranking, combined with Mulliken or NBO partial charge

603
604
60S
606
607
608
609
610
611
612
613

descriptors for CCS calculations. Notably, the combination of 614

the 6-311++G(d,p) basis set and Mulliken charge descriptors
yielded 38% of the CCS values falling within a 2% error margin
and 62% within 3% error margin. The error ranged from
—2.89% (—6.56 A?) for C,—C, dimer to +5.82% (+ 18.97 A?)
for C;4—C,¢ dimer. This outcome is consistent with expect-
ations, as the 6-311++G(d,p) basis set, being a triple-{ basis
set, is likely to reduce errors in structural optimization and
energy ranking."” In addition, Mulliken charge descriptors
were used to optimize the L-J parameters in the IMoS
software,”® and it is recommended to use partial charges
consistent with those used for the parametrization.” Although
achieving higher accuracy would be ideal for predictive
purposes, the results obtained with the developed workflow
are acceptable given the complexity of the system.
Additionally, considering that the machine learning protocol,
trained specifically on PFAS, provides 70% of CCS predictions
within a 3% error margin for monomeric PFAS ions®® (which
are less complex than the more flexible dimeric ions), the
results of this study are satisfactory. These predictions could
likely be improved by considering a broader and more diverse
set of conformers, which would help avoid biases toward overly

635

compact or extended structures. However, for the purposes of 636

this study, the prediction performance is deemed sufficient. As
with the monomeric ions, the primary purpose of this study
was to identify plausible structures for the dimeric ions. To
achieve this, the lowest-energy conformers among those whose
CCS value fell within a 2% error margin were selected. This

637
638
639
640
641

analysis was based on the structures and energies of 642

conformers optimized with the 6-311++G(d,p) basis set and
CCS values calculated using Mulliken charge descriptors. The
selected conformers are presented in Figure 6, with additional
data, including their BW percentage, CCS error percentage
using both Mulliken and NBO charge descriptors, CF;—CF;
distances, and dipole moments, provided in Figure S13. These
conformers are at most 1 kcal/mol higher in energy than the
lowest-energy conformer. The structure displayed in Figure 6
for the C;,—C,s and C;3—C;3 dimers corresponds to the
structures with the lowest CCS error, although the errors
exceed 2% when using Mulliken charge descriptors (+4.42%
for C,s—C,¢ and +4.00% for C,3—C,5). However, these errors
are reduced when employing NBO charge descriptors (+0.86%
for C;4—Cjs and +2.33% for C;3—C,g), making these
structures still plausible.

In Figure 6, a pattern emerges where either the two
fluorinated chains are closely aligned or one chain bents near
its CO,, curving toward the other CO, group and fluorinated
chain. A noticeable difference in the general pattern occurs

https://doi.org/10.1021/jasms.5c00007
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Figure 6. Structure of the lowest-energy conformer for each PFCA homodimeric ion, with a calculated CCS within 2% of DTIM experimental
values (except for C,4—C,4 and C,3—C,g), obtained at the M06-2X/6-311++G(d,p) level of theory.

between the Cy—C,y and C;;—C,, dimers transitioning from
structures with a bent chain to those with straight chains. This
shift can be attributed to the fact that beyond a certain
fluorinated chain length (9 FC in this case), additional
intermolecular F—C---F—C interactions can occur, favoring a
parallel orientation of the chains in the dimers." However, for
the Cy—C, dimers and shorter chains, second order
perturbation theory suggests that the dominant intermolecular
interactions, aside from hydrogen bonding, are C—F--O=C
interactions, with minor contributions from F—-C.-C—F
interactions. These interactions likely explain the bending
observed near one CO, moiety. This behavior aligns with the
initial observation from the 15 initial geometries and is also
similar to the results obtained using the 6-31+G(d,p)/Mulliken
method (Figure S14), where parallel conformations become
predominant starting from the C;,—C,, dimer. Additionally, a
relatively high error in BW average CCS was observed for the
C;—Cs and C4—Cg dimer (+3.56% and +4.56%, respectively,
see Table S7). This discrepancy can be attributed to their
greater flexibility compared to the larger dimers. Indeed, the
energy difference between compact and extended conformers
in these smaller dimers is relatively low, which may lead to an
overestimation of the BW of the extended conformers and,
consequently, an overestimation of the BW average CCS value.
This flexibility may also explain the relatively higher standard
deviation observed in the experimental CCS values for these
shorter-chain PFCA dimers (Table S4). The flexibility of the
dimers can be further explored by examining the structures of

the ten lowest-energy conformers, which are shown for some
dimers in Figure S15—S20.

Thus, the workflow (Figure 4) employing the M062X/6-
311++G(d,p) level of theory and Mulliken descriptors for CCS
predictions provided reasonably accurate BW average CCS
values for PFCA homodimeric ions. Furthermore, the
structural analysis suggests that, in their dimeric form, the
fluorinated chains are in close proximity which may contribute
to their relative stability within the IMS cell.

Results for PFCA Asymmetrical Isomeric Dimeric lons. For
the isomeric dimeric ions, 6-31+G(d,p) and 6-311++G(d,p)
basis sets were used with M06-2X functionals to optimize and
rank the ten lowest-energy conformers. The BW CCS values
calculated using the Mulliken charge description were all
within a 2% error margin. However, the trendline showed
slightly better consistency using 6-311++G(d,p) basis set
(Figure 7, see Table S8). The structure of the lowest-energy

706 £7

conformers, optimized at the M06-2X/6-311++G(d,p) level of 707

theory with CCS values within a 2% error margin, are
presented in Figure 8 for all asymmetrical dimers. These
structures are at most 0.9 kcal/mol higher in energy than the
lowest energy conformer. Additional details are provided in
Figure S21, and these structures can be compared to those
obtained with the 6-31+G(d,p) basis set in Figure S22.
Furthermore, the conformer sets of the C,—C,4, C4—C;, and
Cy—C,y dimers are available in Figure S23—S25.

In Figure 8, a similar structural pattern is observed for all
dimers, where the longer chain bends near its CO, moiety
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254 «  Experimental (DTIM) workflow’s ability to reliably predict CCS differences between 734
252 1 . %Zg;gigﬁlsiazﬁe(d,p), _— isomers. To address this issue, further testing of less complex 735
250 .\ o Theoretical (6-311++G(d,p), Mulli) ions, such as monomeric PFCA isomers, would be useful. 736
248 1 ; iy ] Enhancing predictive accuracy for dimers or monomers may 737
246 1 T require expanding the conformer set used for BW CCS 738
5 2441 ' . ' predictions and developing a more systematic approach to 739
Rl B W s ¢ Ty . conformer generation, particularly for the relatively flexible 740
ol Nt dimeric ions. 741
238 ~__ . e
236 | T
234 R R B CONCLUSIONS 742
#1':_:”50:"-;1:;;15;1(#2:)0in Z::;h :::in This study demonstrated that PFCA dimeric ions could be 743
identified using three different IMS setups: DTIM, TIMS and 744
Figure 7. Comparison of theoretical Boltzmann-weighted CCS values TWIMS. The ﬁnding suggest that dimer formation is primarly 748
for PFCA asymmetrical dimeric ions, calculated using conformers influenced by the intrinsic properties of these compounds 746
optimized using the MO06-2X functional and Mulliken charge rather than the IMS setup used. Additionnaly, the CCS values 747
descriptors, with experimental CCS values. for monomeric and dimeric PFCA ions were consistent across 748
the three systems, falling within a tolerance range of +2%, 749
718 toward the other chain. These structures likely result from a thereby confirming the reproducibility of measurements across 750
719 combination of stabilizing intra- and intermolecular F—C---C— different setups. This consistency also implies that the 751
720 F and C—F--O=C interactions. These conformations are structures of these ions remain largely unaffected by the 752
721 consistent with the initial assumption that the overall shape is specific IMS device employed. 753
722 V-shaped. It suggests that the CCS values of the C,—C,¢ Cy— The theoretical CCS prediction workflow developed in this 754
723 C14 and C4—C,; dimers are influenced by the larger chain in study is able to generate a set of conformers and calculate 7ss
724 each dimer, explaining their noticeably different CCS values. In Boltzmann-weighted average CCS values within 5% error for 7s6
725 contrast, the C4—C,, dimer and other more symmetric dimers both monomeric and dimeric PFCA ions. By utilizing M06-2X 757
726 exhibit similar compactness, leading to similar CCS values. functionals with 6-31+G(d,p) or 6-311++G(d,p) basis sets for 7ss
727 From this analysis of asymmetrical isomeric PFCA dimers, one conformer optimization and energy ranking, and employing 759
728 can conclude that the workflow developed provides coherent the trajectory method including 4—6—12 potentials and ion- 760
720 BW CCS values and, more importantly, valuable structural quadrupole potentials for N,, the Boltzmann-weighted CCS 761
730 insights. However, accurately predicting the small CCS values obtained were within a 5% error margin. This can be 762
731 differences between different isomeric dimers, such as the likely improved by increasing the conformer set used to 763
732 2.5% difference observed between the C,—C;s and Cy—C, calculate the BW average CCS. More importantly, this 764
733 dimers, remains a challenge. This raises questions about the approach revealed plausible structural conformations for 765
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Figure 8. Structure of the lowest-energy conformer for each PFCA asymmetrical isomeric dimeric ion, with a calculated CCS within 2% of DTIM
experimental values, obtained at the M06-2X/6-311++G(d,p) level of theory.
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766 these ions, based on their low-energy and predicted CCS
767 values close (within +2%) to the DTIM experimental CCS
768 value. The findings suggest that, in the monomeric form, the
769 CO, moiety curves toward the fluorinated chain, while in the
770 dimeric form, the fluorinated chains are likely in close
771 proximity, especially for the dimers with the longer fluorinated
772 chains, which may account for their relative stability within the
773 IMS cell. This raises an interesting question about whether
774 these fluorinated chains remain close when dimers are formed
775 with larger cations, such as Na" or K*. CCS calculations with
776 these cations will assess whether the developed workflow and
777 the proposed ion structures remain valid. A more chemically
778 relevant charge descriptor, such as Merz—Singh—Kollman,
779 could also be tested to validate the proposed structures.
780 Finally, other carboxylated PFAS (e.g, perfluoroether carbox-
781 ylic acids (PFECAs)) could be studied in IMS to asses their
782 potential for dimerization and investigation into their
783 conformation could be valuable, particularly to assess the
784 impact of oxygen atoms within their fluorinated chains on the
785 overall dimer structure. Finally, the workflow developed in this
786 study could be tested on isomeric PFCAs (both monomers or
787 dimers) to evaluate its ability to predict CCS differences
788 between isomeric compounds.
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