Check for
updates

Molecular-level origin of the carboxylate head group
response to divalent metal ion complexation at the

air-water interface

Joanna K. Denton?, Patrick J. Kelleher?, Mark A. Johnson®', Marcel D. Baer®, Shawn M. Kathmann®,

b

Christopher J. Mundy®<, Bethany A. Wellen Rudd®®, Heather C. Allen®, Tae Hoon Choif, and Kenneth D. Jordan®?

Sterling Chemistry Laboratory, Yale University, New Haven, CT 06520; bPhysical Sciences Division, Pacific Northwest National Laboratory, Richland, WA
99352; “Department of Chemical Engineering, University of Washington, Seattle, WA 98195; “Department of Chemistry & Biochemistry, The Ohio State
University, Columbus, OH 43210; ®Department of Chemistry, Ohio Wesleyan University, Delaware, OH 43015; ‘Department of Chemistry, University of
Pittsburgh, Pittsburgh, PA 15260; and 9Department of Chemical and Petroleum Engineering, University of Pittsburgh, Pittsburgh, PA 15260

Contributed by Mark A. Johnson, May 31, 2019 (sent for review November 7, 2018; reviewed by Paul S. Cremer and Joseph S. Francisco)

We exploit gas-phase cluster ion techniques to provide insight into
the local interactions underlying divalent metal ion-driven changes
in the spectra of carboxylic acids at the air-water interface. This
information clarifies the experimental findings that the CO stretch-
ing bands of long-chain acids appear at very similar energies when
the head group is deprotonated by high subphase pH or exposed
to relatively high concentrations of Ca?* metal ions. To this end,
we report the evolution of the vibrational spectra of size-selected
[Ca?*-RCO,71*(H20)5—0 to 12 and RCO,+(H20)p—0 1o 14 cluster ions
toward the features observed at the air-water interface. Surpris-
ingly, not only does stepwise hydration of the RCO,™ anion and
the [Ca®**RCO, 1" contact ion pair yield solvatochromic responses
in opposite directions, but in both cases, the responses of the 2
(symmetric and asymmetric stretching) CO bands to hydration are
opposite to each other. The result is that both CO bands evolve
toward their interfacial asymptotes from opposite directions. Sim-
ulations of the [Ca®"RCO,1*-(H,0), clusters indicate that the
metal ion remains directly bound to the head group in a contact
ion pair motif as the asymmetric CO stretch converges at the in-
terfacial value by n = 12. This establishes that direct metal com-
plexation or deprotonation can account for the interfacial behavior.
We discuss these effects in the context of a model that invokes the
water network-dependent local electric field along the C-C bond
that connects the head group to the hydrocarbon tail as the key
microscopic parameter that is correlated with the observed trends.
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he local environments of the ionic head groups of surfactant

molecules at the air-water interface are of critical impor-
tance in understanding the physical processes responsible for
the transfer of organic carbon and transition metal ions into the
atmosphere (1-4). Here, we are concerned with the nature of the
species formed when fatty acids at the interface are deproto-
nated by the presence of Ca®" ions in the bulk (subphase) so-
lution. The methods of choice for extracting this molecular-level
information are variations on interfacial vibrational spectros-
copy, such as second harmonic generation (5-8), sum-frequency
generation (SFG) (9-18), and infrared reflection—absorption
spectroscopy (IRRAS) (19-22). In the case of fatty acids, the CO
stretching modes (carbon oxygen stretches of the RCO,™ anion)
provide natural vibrational reporters for the local environment
of the head group. Fig. 1 contrasts the effect on carboxylic acids
of the presence of 0.3 M Ca®* metal ions in the subphase (Fig.
1C) with that due to simple acid deprotonation at high subphase
pD (10.5 in Fig. 1B) caused by the addition of NaOD. On in-
creasing the pH or adding CaCl, to the subphase, the 2 widely
split CO bands (v“~°H and v“=°) in the neutral acid spectrum
(Fig. 14) are replaced by 2 features at ~1,413 and ~1,551 cm™!,
nominally assigned to the symmetric (v°°) and asymmetric

(599 stretching fundamentals arising from the deprotonated
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carboxylate group. This observation is consistent with previous
work on related systems as summarized in SI Appendix, Table S1.
A curious aspect of these results is that, although the dominant
feature in the Ca?* spectrum is clearly broader than that
obtained at pD = 10.5, it is evident that both schemes yield very
similar bands, raising the question of whether Ca®" promotes
deprotonation of the acid at relatively low pH or is complexed
directly to the anionic head group in a contact ion pair.
Several studies have considered the M**-induced spectral re-
sponse of carboxylates in various chemical environments (19, 23—
30). In anhydrous crystals, for example, where the binding con-
figuration can be established by crystallography, a correlation
was found between the binding motif and the splitting between
the carboxylate stretching modes (25, 31). In aqueous environ-
ments, the binding configuration of the system under study is less
clear and raises a scenario where acetate solutions of Ca®* and
Mg>* are “ionic” in the sense that the acetate groups do not
penetrate the inner hydration spheres of either cation (23, 24).

Significance

The transport of divalent metal ions (e.g., Mg?* and Ca’*) into
the troposphere is thought to arise from preferential com-
plexation with anionic head groups of fatty acids at sea-spray
aerosol surfaces. Attempts to quantify the formation of these
complexes by monitoring the vibrational frequencies of the CO
stretching vibrations have proven to be inconclusive, however,
because the metal ion-driven spectral response is surprisingly
similar to that displayed by the fully hydrated anion. We trace
the origin of these spectral responses by measuring the step-
wise hydration behaviors of both the carboxylate head group
and the contact ion pair. These trends reveal the critical con-
tribution of chain deformation to the structural interpretation
of surface-sensitive spectral signatures of ion complexation at
the interface.
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Fig. 1. IRRAS spectra of monolayers (20.5 A? per molecule) of (A) d3;-PA on
neat H,0, (B) d3s-SA on D,0 with a subphase pD of 10.5, and (C) d3;-PA on
D,0 with a subphase CaCl, concentration of 0.3 M. Features assigned to the
2 carbon-oxygen stretching modes of the intact carboxylic acid are denoted
/S-%% and =0 in A along with the water bending mode (;29,). Peaks
assigned to the symmetric and asymmetric stretching modes of the depro-
tonated carboxylate head group are denoted v£°° and 1599, respectively, in
B. Note that, with the exception of the H,O bend, peaks appear as negative
bands due to the experimental geometry.

At the air—-water interface, the presence of subphase metal ions
(Ca** and Mg”") has been observed to alter the experimentally
determined pH dependence of the ionized fraction of fatty acids
(19, 32). This has been interpreted to indicate formation of con-
tact ion pairs based on the comparison of observed behavior with
predictions based on the purely electrostatic Gouy—Chapman
formalism, which predicts the deprotonation fraction in the
absence of complexation (19, 33). The close proximity of the
1$99 band measured here by IRRAS for the hydrated carbox-
ylate head group (Fig. 1 B, 1,553 cm™") and that purported to
occur as the Ca®* contact ion pair (Fig. 1 C, 1,549 cm™),
therefore, raises the question of how the 2 seemingly disparate
processes—simple pH-induced deprotonation vs. direct Ca®*
metal ion complexation—can give rise to nearly identical CO
stretching bands.

Here, we clarify the factors that control the response of the
CO stretching fundamentals of the carboxylate head group to
hydration and ion complexation. We accomplish this by following
the evolution of these bands starting from the isolated gas-phase
carboxylate ion (CD;CD,CO;7; hereafter denoted d-OPr™) (Fig.
24) and the cationic binary ion pair (d-[Ca*"-OPr~|*) (Fig. 2B)
with stepwise addition of water molecules. These solvation trends
are followed to cluster sizes that are sufficiently large to recover
the observed interfacial behavior. The resulting data are avail-
able at refs. 34 and 35. The calculated microhydration structures
for d-OPr™-(H,0)s and d-[Ca**-OPr™]*-(H,0)s are compared in
Fig. 2 C and D to illustrate the enhancement of the interwater
hydrogen bonding network in the hydrated anion. The perdeu-
terated isotopologues were used to avoid complications in the C—
O stretching region caused by nearby levels involving C-H
modes (12, 27, 36-38). The spectral trends are interpreted with
theoretical methods appropriate for the size regime to reveal the
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microscopic mechanics that underlie the spectroscopic response
of carboxylate head groups to their local environments.

This work follows a recent gas-phase spectroscopic study by
DePalma et al. (36), which isolated the intrinsic vibrational sig-
natures of the contact ions pairs [M**-RCO, ™" with (M = Mg,
Ca; R = -CD3, -CD,CDs). The isolated contact ion pairs occur
with a bidentate motif in which the metal ions reside between the
oxygen atoms in the arrangement depicted in Fig. 2B (for Ca®").
An important aspect of that study is that the nominal 2°° mode
was found to be strongly coupled to the C-C stretching motion of
the bond connecting the head group to the alkyl chain in the
metal complexes, consistent with observations by other investi-
gators (27, 37, 39). This implies that the splitting between the
peaks traditionally assigned to +£9? and 1S9 stretches may not
simply reflect the coupling between the 2 CO oscillators (27). In
keeping with traditional notation, however, we refer to the mixed
levels as S99 hereafter in this work. The earlier cluster ion study
(36) focused on the d-OPr™ anion to provide a sufficiently long
chain length to capture this mixing effect and followed the hydration
behavior for the small water clusters d-[Mg>*-OPr |H-(H,O) (o 4
The spectra of several RCO, ™ [R = H, -CHs, -CD,CD3, -(CH,),0CHj)
complexes are compared in SI Appendix, Fig. S1 to illustrate the
negligible chain length dependence on the character of the CO
bands for R larger than -CD,CD;. Interestingly, the strongly red-
shifted 1S°C band in the bare [Mg®*-OPr|" contact ion pair
(relative to bare d-OPr™) was shown to exhibit an unusual solvent-
induced blue shift, raising the question of how these cluster bands
evolve toward the band positions in the interface. Here, we extend
this study to the more important Ca** contact ion pair as well as to
larger hydrates and complement these results with spectroscopic
measurements on the d-OPr™-(H,0),,—; ¢, 14 clusters. To make the
connection to the interfacial spectroscopic response, we carried out
measurements of fatty acids at the air-water interface using IRRAS,
because it preferentially yields information about the most re-
sponsive 0 transitions owing to the transition moments at play
in this system. We note that, because IRRAS is not a surface-
specific method (as opposed to SFG), the long-chain djs-stearic
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Fig. 2. Schematic structures illustrating the variations in binding motifs for
the Ca?* (B) and water molecules (C) to the carboxylate head group (A) as
well as in the microhydration of the Ca?*-RCO,” contact ion pair (D). Hy-
drating waters are labeled according to their roles as hydrogen bond ac-
ceptors (A) and donors (D). Structures obtained at the MP2/aug-cc-pVDZ
level (SI Appendix has details) are presented for (A) d-OPr~, (B) d-[Ca%*-OPr ],
(C) d-OPr~-(H,0)s, and (D) d-[Ca®*-OPr]*.(H,0)s. The Ca®* ion, when present, is
indicated in yellow.
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acid (dss-SA) variation was used to ensure that the acid moiety
remains anchored at the interface in the high-pH study.

The combination of mass spectrometry and optical spectros-
copy methods used here has been described in detail previously
(40), and it has been used to measure vibrational spectra of size-
selected ions using a double-focusing, tandem time-of-flight
photofragmentation mass spectrometer. Briefly, ions are extracted
from solution using electrospray ionization and accumulated in a
variable temperature (10-100 K) radiofrequency ion trap before
injection into the time-of-flight region. The spectra of the small
clusters yield structural information about strongly bound water
molecules in the first hydration shell and were, therefore, obtained
using the mass “tagging” technique. In this approach, vibrational
spectra of the cold ions are acquired in a linear action mode
through photoevaporation of a weakly bound adduct (in this
case, He, Hy, or D). For larger clusters, which were produced
in decreasing abundance in the ion source, the spectra were
obtained by monitoring the infrared multiple photon-induced
dissociation (IRMPD) of a more weakly bound water molecule
in the second hydration shell. The IRMPD spectra display
broader peaks (Full width at half max is ~28 vs. 13 cm™" for
bare and D,-tagged d-[Ca’*-OPr|*-(H,O)s, respectively) as
expected for the warmer clusters sampled by this technique. The
resulting band maxima, however, are very similar for the
2 methods (within 7 cm™), and the observed bands are found to
be insensitive to temperature from 20 to 100 K as shown in S/
Appendix, Fig. S2.

Vibrational spectra of size-selected d-OPr~ (H,0), clusters
over the range n = 0 to 14 are presented in Fig. 3 A-I along with
the IRRAS spectrum of d;5-SA on D,O at pD = 10.5 (Fig. 3/;
reproduced from Fig. 1B) with the observed £ and 1{9¢
frequencies listed in SI Appendix, Table S2. Note that the yﬁOO
band in the n = 14 spectrum is very close to that of d;s-SA at the
air-water interface (1,549 vs. 1,553 cm™, respectively), in-
dicating that the local interactions around the head group are
sufficiently developed in this size regime to recover macroscopic
behavior. In contrast to the trend previously reported for the
d-[Mg**-OPr|* complex (36), the 1C°0 features in the d-OPr~
(H20),, clusters exhibit a normal solvatochromic red shift, while
it is now the 199 bands that exhibit the unusual blue shift with
increasing hydration. As such, the 1£°° and 199 bands in d-OPr~
(H,0),, converge toward each other as they approach their re-
spective bulk limits from opposite directions.

On closer inspection of the progression presented in Fig. 3, the
CO bands do not evolve smoothly in the n = 5 to 7 range, where
we expect the completion of the first hydration shell around the
anionic head group (42-44). The n = 5 spectrum is particularly
interesting, as the incremental band shift breaks with the pre-
vailing trend by becoming more widely split before the conver-
gent evolution continues above n = 6. These features can be
understood in the context of minimum energy structures re-
covered from electronic structure calculations, with the detailed
geometries presented in SI Appendix, Fig. S3. These structures
largely follow those reported by Marcum and Weber (45) and
Motegi et al. (46) for the CH3NO, (H;0),, clusters. An excep-
tion, however, is the n = 5 arrangement that is calculated to
exhibit the observed discontinuity in the splitting between the 2
CO stretching bands. Two low-lying n = 5 structures and their
corresponding vibrational spectra are included in Fig. 4 to il-
lustrate how the local solvation network drives the splitting
between the bands. The main difference between the 2 ar-
rangements is that they have different numbers of H-bond do-
nors to the 2 oxygen atoms on the anion. Only the structure in
Fig. 4B reproduces the experimental splitting (211 vs. 214 cm™
for calculated [Fig. 4D] and observed [Fig. 4E], respectively).
The water network in Fig. 4B adopts an arrangement in which
3 H bonds are donated to one of the O atoms on the anionic head
group, while the other O atom only has one (hence denoted 53.1).
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Fig. 3. Spectral evolution of sequentially hydrated d-OPr™. (Inset) Calculated
(MP2/aug-cc-pVDZ) minimum energy structure of d-OPr™-(H,0)s. The number
of H-bond donors to each oxygen on the anion is labeled HB. (A-/) Vibra-
tional predissociation spectra of d-OPr™(H,0)—0 1o 7, 14:D>. Peaks assigned to
€99 and 1599 are colored red and dark blue, respectively. A-G also contain
vibrational stick spectra calculated at the MP2/aug-cc-pVDZ level of theory
(frequencies scaled by 0.986) for the corresponding minimum energy cluster
geometries (included in S/ Appendix, Fig. S3). () The IRRAS spectrum of a dss-
SA monolayer (20.5 A2 per molecule) with a subphase pD of 10.5 reproduced
from Fig. 1B is inverted here for clarity. The light blue line at the right de-
notes the position of the H,0 bend in bulk water (41).

The other isomer, shown in Fig. 44, is calculated to follow the
overall trend in CO band evolution (i.e., with a smaller [163-cm™]
splitting [Fig. 4C]) and has a more symmetrical arrangement in
which 2 H bonds are donated to each O atom (denoted 5,.,).
The 55.; structure is calculated to be lowest in energy, lying
200 cm™! below the 5,., structure at the MP2/aug-cc-pVdZ level
when including the counterpoise correction for basis set su-
perposition error (47) and vibrational zero-point contributions.
Thus, the directional nature of the H bonds to the nearby water
molecules has a significant impact on the head group response.

We next turn to the spectral evolution of the d-[Ca®*-OPr|*-
(H20),,—0 1o 12 clusters, which is presented in Fig. 5 B—J with the
€90 and 190 frequencies listed in SI Appendix, Table S3. The
d-OPr™ spectrum (Fig. 54) and IRRAS spectrum of d;;-palmitic
acid (d3;-PA) on a 0.3 M CaCly(,q) subphase in Fig. 5K are
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Fig. 4. Comparison of the lowest-energy isomers of d-OPr™-(H,0)s. In A and
B, calculated (MP2/aug-cc-pVDZ) structures of (A) 5,., and (B) 53,1 with their
respective spectra displayed in C and D, respectively (after scaling the cal-
culated frequencies by 0.986), are shown along with the experimental
spectrum of d-OPr™(H,0)s:D; in E reproduced from Fig. 3F. The number of
H-bond donors to each oxygen on the anion is labeled HB.

reproduced from Figs. 1C and 34, respectlvely As was the
case in the d-[Mg**-OPr™]*-(H,0),—0 1o 4 series (36), the 1CO0
band is most responsive to hydration (as well as to metal
complexation) and exhibits a blue shift as it approaches the
interfacial limit. The °© band displays a much more modest
solvatochromic red shlft approaching the 1,435-cm™! value
observed by SFG (12) atn =12 (1 448 cm_l) (Note that the

€99 band is much more evident in the SFG spectrum due to
the different selection rules for IRRAS vs. SFG [48, 49].) The

1£99 band is quite close to the interfacial limit by n = 12, again
1ndlcat1ng that the local mechanics driving the shifts are largely
converged on completion of the second solvation shell. We remark
that the interfacial band displays a doublet structure, contributing
to the broader width of this feature.

The most important aspect of the d-[Ca®"-OPr |(H20),—0 1 12
spectra is that the key 1$9C feature (dark blue in Fig. 5) at n =
12 appears very close to that displayed by the interface while still
in a regime where the metal ion is necessarily in close contact
with the head group. From n = 1 to n = 5, which corresponds to
the completion of the first hydration shell (50-54), the calculated
structures feature the cation docked in a bidentate motif to the
head group and all of the H,O molecules directly attached to the
cation as seen in SI Appendix, Fig. S4. This arrangement is pre-
dicted to yield vibrational fundamentals (dark blue and red stick
spectra in Fig. 5 A-G) in good agreement with the observed
trend. Note that the water bending mode exhibits a red shift on
completion of the first hydration shell but then, blue shifts to-
ward the bulk value (dashed line in Fig. 5) (41) as subsequent
water molecules overwhelm the contribution from those tightly
held in the interior by n = 12.

To address the possible role of different local binding motifs in
the contact ion pair as well as solvent-separated configurations of
the system, constant number, volume, and temperature (NVT)
ab initio molecular dynamics (AIMD) simulations were carried
out at the B3SLYP+D3/6—-31G(d) level of theory. The contact ion
pair form of the n = 10 cluster was maintained even when the
simulations were run at 7 = 300 K and for as long as 12 ps. These
calculations indicate that the contact ion pair motif is retained as
water molecules are added in the second solvation shell. As such,
because the observed 1S9° band is quite close to that of the
interfacial asymptote by n = 12, we conclude that this feature

Denton et al.

may be generated by hydration of the contact ion pair. The range
of CO stretching frequencies at play in the various isomers
available to the n = 6, 8, and 10 hydrates is presented in S/
Appendix, Fig. S5 to explore how different hydration motifs that
are likely adopted at high temperature affect the spectrum. SI
Appendix, Fig. S6 and Table S4 presents the positions of calcu-
lated spectral transitions and structures for several isomers of d-
[Ca2+ ‘OPr 1" (H20),=6, s, 10- Th1s exercise accounts for about
half of the breadth (~50 cm™") observed for the 1£9C bands at
the interface. Bulk aqueous-phase AIMD simulations of the
acetate ion response to proximal Ca** ions are included in SI
Appendix, Fig. S7, which further illustrates the spectral responses
of various binding configurations.
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Fig. 5. Spectral evolution of sequentially hydrated d-[Ca**-OPr]*. (Inset) Cal-
culated MP2/aug-cc-pVDZ minimum energy structure of d-[Ca®*-OPr*-(H,0)s.
Gas-phase cluster spectra for (A) d-OPr-D,, (B-G) d-[Ca®*-OPr]*-(H,0)p—0 0 5X
(X = He for n = 0, H, for n = 1-5), and (H-J) IRMPD spectra of d-
[Ca2+~OPr']*-(H20)n=5, 10, 12- A-J also contain vibrational stick spectra for the
corresponding minimum energy cluster geometries (S/ Appendix, Fig. S4) cal-
culated at the MP2/aug-cc-pVDZ level of theory (scaled by 0.986). Peaks
assigned to 1599, 1590, and the water bend are colored red, dark blue, and light
blue, respectively. The light blue line denotes the position of the H,O bend in
bulk water (41). (K) Inverted IRRAS spectrum of ds;-PA monolayer (20.5 A? per
molecule) on 0.3 M CaCl,, reproduced from Fig. 1C. B is adapted with permis-
sion from ref. 36. Copyright 2017 American Chemical Society.
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Fig. 6. Overview of the spectral evolution of d-OPr™-(H,0),, and d-[Ca**-OPr]*.
(H20),, bands toward interfacial positions. (Left) The energies of the 15°° and
1590 transitions for sequentially hydrated gas-phase clusters are denoted by
solid and hollow boxes, respectively. The black traces correspond to d-OPr™
(H,0),, and the red traces correspond to d-[Ca?*-OPr1*-(H,0),. (Right) The
IRRAS spectra for 20.5 A% per molecule d35-SA and 20.5 A2 per molecule ds;-
PA on 0.3 M CaCl, are plotted as black and red lines, respectively. Purple

arrows denote the locations of 599 and +£9 in lithium phenylacetate (55).

Fig. 6 presents a summary of the band evolutions in the clusters
for the bare carboxylate (Fig. 6, black) and the contact ion pair
(Fig. 6, red) along with the bulk asymptotes reproduced from Fig.
1. This presentation emphasizes important observations from this
study: 1) both systems closely approach the behavior of the bulk
interface in the size range corresponding to filling the second
hydration shell, 2) the 2 CO stretching features approach these
asymptotes with opposite solvatochromic shifts, and 3) the shifts
in the contact ion pair are opposite from those displayed by the
bare ion.

We next address the interactions that underlie these trends.
We note that the 250 band is most directly responsive to the
force constants describing the CO, moiety, while the situation
regarding the 1°%° mode is complicated by strong mixing with
the C-C stretching mode mentioned above. In our earlier study
(36), we pointed out that the behavior of the 1599 band could be
understood in a scenario where the direct attachment of the
divalent metal ion to the head group yields a large electric field.
This effectively polarizes the carboxylate scaffold to both shorten
the C-C bond and weaken the C-O bonds as electron density is
drawn into the antibonding molecular orbitals of the -CO,~
group (56). This rationalizes the extreme red shift of the 1590
band from the isolated carboxylate to the bare contact ion pair as
well as the relaxation of this red shift as polarized water mole-
cules add directly to the metal ion. The latter process effectively
reduces the local electric field for all species in the primary hy-
dration shell of the cation. More specifically, reduction of the
electric field at the RCO,™ site diminishes the polarization-induced
band shifts in the bare complex and incrementally drives the sys-
tem back toward the unperturbed position of the free anion with
increasing hydration. The overall trend in the d-[Ca*"-OPr]*
system is very similar to that found in the Mg?* complexes, in-
dicating that the spectral response is not strongly dependent on the
metal ion radius.

We note that the electric field argument can also rationalize
the solvatochromic shifts displayed by the d-OPr™-(H,0),, system.
In that case, the hydration of the head group will act to create a
reaction field from the array of water molecules in its first hy-
dration shell (57). This field lies in the same direction as that
created by direct contact with a cation. Since the cationic response
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is to red shift the 17 transition but blue shift that due to 1899, it
is apparent that the water network’s hydrogens (with their &*
charges) perform a similar role as the Ca** charge. Although
water cannot create a projected electric field as strong as that from
the divalent ion, it is interesting to note that fully hydrated d-OPr~
yields CO bands very close to those displayed by the isolated
lithium phenylacetate contact ion pair (purple arrows on the right
in Fig. 6). As such, the net effect of hydration seems to be quan-
titatively equivalent to that obtained from a single positive charge.

To gain a more quantitative estimation of how local electric
fields evolve around the charge centers on hydration, we calcu-
lated the magnitude of the projected electric field along the C-C
bond (evaluated at the central carboxylic C atom) for the mini-
mum energy structures of both d-OPr™ and d-[Ca®*-OPr]* sys-
tems as a function of hydration number. Here, we neglect the
internal fields coming from the vibrational chromophore itself
and only consider the point charge field sources outside it. These
results are collected in SI Appendix, Fig. S8 for all bond pro-
jections of the field. We find that only the electric field projected
along the C-C bond is strongly correlated with the observed
band shifts as displayed in Fig. 7, which compares the observed
€90 energies of the d-OPr-(H,0),,—9 1, ¢ anions (m in Fig. 7) and
d-[Ca®*-OPr |"-(H,0),— 1o ¢ cations (a in Fig. 7) with the electric
field components along the C-C bond axis.

Finally, it is useful to consider the spectroscopic behavior of
the CO stretching frequencies of the RCO,™ group in the context
of widely used theoretical treatments to model the spectra of
liquids. For example, in the case of pure water, the local electric
field along the OH groups is typically regarded as the most im-
portant factor driving the local OH stretching fundamentals (58—
60), whereas our results on the carboxylate group indicate that
fields along the CO bonds are not strongly correlated with CO
spectral shifts. Because of the different couplings in H,O, the
symmetric and asymmetric stretch splittings observed for H,O
are much smaller than the condensed-phase broadening due to
thermal effects and hydrogen bonding. Thus, the field projected
onto a single OH oscillator is sufficient to describe the condensed-
phase spectra (58-60). For the solvation of the RCO," group
considered herein, the splittings between the symmetric and
asymmetric CO stretch vibrations are large compared with the
shifts of the CO oscillators that arise from the thermal broad-
ening in the condensed-phase environment. It is more likely that
the RCO,™ group response is a result of (at minimum) 3-fold
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Fig. 7. The observed frequencies of the 1$%° fundamentals in d-OPr™(H,0),—0 1o 6
and d-[Ca®"-OPr]*-(H,0),—o 1o ¢ are denoted by black squares and triangles,
respectively. The magnitudes of the electric fields ® (a.u.) along the C-C axis
of d-OPr™(H;0),-0 to 6 and d-[Ca®"-OPr7]*-(H,0),—0 to 6 are denoted by red
squares and triangles, respectively.
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mode coupling among the 2 CO groups and the C-C oscillator
involving the central carboxylic C atom. As such, the behavior of
the 3 transitions arising from the 3 x 3 coupling matrix should be
taken as a signature of ion binding. This suggests that identifi-
cation of the latter (C-C stretching) coupling activity in the
spectrum should be a useful direction for additional work. In
particular, it does not seem useful to regard the splitting between
the bands commonly denoted as symmetric and asymmetric CO
stretches to be a consequence of the coupling between local CO
oscillators, a perspective often taken in the reconstruction of
collective normal modes in simple triatomic systems (61).

Summary

We have reported how the features normally attributed to the
CO stretching bands (¢¢9° and S9°) in a carboxylate head
group, both free and complexed with a Ca®* ion, evolve from the
bare ions to the features observed at the air—water interface with
stepwise hydration. The band evolutions are observed to be
complex such that the directions of solvatochromic shifts are
strongly dependent on the nature of the ionic species. Theoret-
ical analysis of these effects suggests a picture where the head
group exhibits a structural response to the net local projected
electric field along the C—C bond. As such, one cannot associate
a particular splitting in a complex environment to the proximity
of cations alone. The solvent plays a critical role as well such that
the factors—solvent and charge—act in concert to drive the CO
stretching band response. The spectra of fatty acids at the air—
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water interface provide an excellent platform to disentangle these
competing effects. In particular, this approach reveals how the
contact ion pair and the bare carboxylate can yield surprisingly
similar spectroscopic signatures for the CO bands at the depro-
tonated head group. This work also underscores the potential
pitfalls of using these bands when attempting to provide definitive
statements about the local structures of ions at the charged air—
water interface. In this regard, it would be especially useful to
extend these studies to include systems that display a clear de-
pendence of the CO stretching bands on metal ion presence that
falls well outside the intrinsic solvatochromic response of the bare
RCO,™ anions.
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