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ABSTRACT.

We investigate the binding motifs of host-guest complexes of the anion receptor octamethyl
calix[4]pyrrole (omC4P) with the formate anion using cryogenic ion vibrational spectroscopy in
concert with density functional theory. The resulting IR spectrum in vacuo is compared to that in
deuterated acetonitrile and acetone solutions. The combination of the strong host-guest interaction
and the charge distribution that the formate ion presents to the chemical environment results in a
complex behavior of the NH stretching features in the two solvents. The formate-omC4P complex
has three low energy isomers in vacuo:(i) one with an oxygen atom of formate interacting with
three of the NH groups of omC4P and the other oxygen atom interacting with the remaining NH
group; (i1) one with a single oxygen atom of formate interacting with all four NH groups of omC4P;
and (iii) one with each oxygen atom interacting with two NH groups. Each complex geometry
lowers the C4y symmetry of the receptor to Ci, Cs, or Cay, respectively, and this symmetry breaking

and i1somerism is reflected in the broadening and pattern of the NH stretching modes of omCA4P.
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Introduction

The molecular recognition of anions is important to many applications of chemistry,!- for
example, in advancing materials science, the sensing of anionic pollutants from agricultural or
industrial runoff,’>” or the regulation of anion transport across cell membranes.*!° To design an
effective synthetic molecular anion receptor, and to optimize the selectivity of the receptor to a
given anion, a complete understanding of the noncovalent interactions in the receptor-ion host-
guest complex and the competing effects of solvation is needed. A receptor typically has a binding
site whose size, shape, and chemical composition—along with the size and shape of the anion—
determine the ion-receptor interaction, the binding geometry and concomitant solvent exposure of
the bound ion. These factors are instrumental in understanding the selectivity and binding
efficiency of a given anion receptor.

Calix[4]pyrroles constitute a class of anion receptors that has gained popularity over the

-15 after they were first synthesized in 1886 by Baeyer.!® The simplest version

past two decades,
of these receptors is octamethyl calix[4]pyrrole (omC4P), a macrocyclic molecule consisting of
four pyrrole groups connected by fully substituted sp®> meso-carbons (see Figure 1). The four NH
groups of the pyrrole rings form a binding site in the presence of an anion, yielding a receptor with
C4v symmetry in the case of a spherical anion.!> In addition to the four hydrogen bonds (H-bonds)

interacting with an anion, the receptor also forms a concave binding site for cations, allowing for

ion pair bonding, especially in less polar solvents.!”
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Figure 1. Generic structure of the omC4P binding site with arrows indicating the H-bond donors.
We note that this is not the lowest energy configuration of bare omC4P, but the conical

conformation omC4P adopts in the presence of a H-bond acceptor, e.g. an anion or solvent.

The four H-bonds between the ion and receptor dominate the interaction between the guest anion
and the omC4P host. The NH stretching frequencies of the host are directly affected by the
presence of the bound ion and thus serve as sensitive probes of the ion-receptor interaction,
suggesting that infrared (IR) spectroscopy will be a useful approach for the characterization of
host-guest interactions. While IR spectra in suitable solvents yield important information on the
structures and intermolecular forces of such host-guest complexes, they cannot provide a separate
probe of ion-receptor interactions and effects of ion solvation by themselves. In order to
disentangle those different but critical aspects, a comparison of vibrational spectra in solution with
those in vacuo is needed. A successful technique in the characterization of gas-phase mass-selected
ions is cryogenic ion vibrational spectroscopy (CIVS) in combination with quantum chemical
calculations.!> 82! This technique has been used to investigate ion-receptor interactions in
complexes of omC4P with halide ions'> and with the nitrate anion.?? In this work, we present

vibrational spectra of omC4P complexed with the formate anion in vacuo and in solution and



interpret the experimental spectra using density functional theory (DFT) to explore the effects of

anion shape, size, and proton affinity upon introduction of an ion to omC4P.

Methods

Equimolar amounts of omC4P (ChemScene) and formic acid (Sigma-Aldrich) were added
to a 1:1 mixture of acetonitrile (Thermo Fisher Scientific) and water to prepare a 0.1 mM solution
of formate-omC4P, HCOO -omC4P. All chemicals were used as purchased without further
purification. The experimental apparatus has been described in detail in previous work.?* Upon
electrospray ionization (ESI), droplets containing HCOO™ -omC4P entered a heated desolvation
capillary (80°C). The ions resulting from desolvation passed through a skimmer and a series of
octopole ion guides and ion optics which routed them through several differential pumping stages
and into a 3D Paul trap. The trap is mounted on a closed cycle He cryostat held at ca. 30 K. Here,
the ions were cooled by collisions with buffer gas (10% D- in He), and neutral messenger tags
using residual N> from the source inlet were condensed onto the ions, generating tagged complexes
of the form HCOO™ -omC4P-N». The ions were extracted from the trap and injected into a Wiley-
McLaren time-of-flight mass spectrometer (TOF-MS) every 50 ms. The ions of interest,
HCOO -omC4P-N, were mass selected using a pulsed mass gate, and every other ion package
was irradiated with the output of a tunable IR OPO-OPA system (LaserVision) in a multipass cell.
Photon absorption and subsequent intramolecular vibrational relaxation resulted in dissociation of
the Na tag from the formate-omC4P ion and formation of photofragments according to the reaction

HCOO -omC4PN; + iorg — HCOO -omC4P + No.

Remaining tagged ions were separated from the photofragments by a two-stage reflectron,

and the fragment ions were detected on a microchannel plate detector. Fragment ion formation was
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monitored as a function of the wavelength and corrected for photon fluence and background from
unimolecular decay to acquire a relative photofragmentation yield. To ensure reproducibility and
improve signal-to-noise ratio, photodissociation spectra from multiple days were averaged, then
calibrated using the known spectrum of acetone,” which was measured in a home-built

photoacoustic spectrometer.

For measurements in the condensed phase, equimolar amounts of omC4P and cesium
formate (Thermo Scientific) were dissolved in CD3CN (Thermo Scientific Chemicals) and
(CD3)2CO (Cambridge Isotope Laboratories) to prepare 10 mM solutions. Using a Thermo
Scientific Nicolet iS5 FTIR spectrometer and an Infrasil cylindrical cell with 0.2 mm path length

(Starna Cell), Fourier Transform infrared (FTIR) spectra of each solution were obtained.

Density functional theory (DFT)? using the B3LYP functional®® 2’ with cc-pVDZ basis
sets?® for all atoms was used to calculate structures and vibrational spectra of HCOO -omC4P. A
geometry search using multiple orientations of the formate ion inside the omC4P binding pocket
was used to determine the lowest energy isomers of the complex. The search began with a
configuration in which two oxygen atoms were pointed into the pocket, as seen in nitrate-omC4P.?
Then, one oxygen atom was pulled out of the pocket, changing the O-O axis in 5-degree steps until
a configuration with one oxygen atom centered in the binding site was achieved. In each step, all
internal coordinates except the O-O angle relative to the plane of the NH groups were allowed to
relax. To generate the calculated IR spectrum for each isomer, the calculated lines were broadened
by Lorentzian line shapes with 8 cm™ full width at half maximum, and the harmonic frequencies
were scaled by 0.9577 to match the e mode NH stretching frequency in the experimental spectrum
of chloride-omC4P'> calculated with the same method. The anharmonic frequency of mode 207

(the lowest frequency NH stretching mode) in the two lowest energy isomers was calculated using
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second order vibrational perturbation theory® (VPT2) as implemented in Gaussian 16.>° The
binding energy of formate to omC4P was calculated including the counterpoise correction,®!> 3
natural bond orbital (NBO) analysis was done using Gaussian NBO Version 3.1,%* and solvation

effects were modeled using a polarizable continuum model (PCM).>* All calculations were done

using Gaussian 16.%°

Results and Discussion

The formate anion can bind to omC4P with different motifs, similar to the previously
studied nitrate anion.?? Figure 2 shows the three lowest calculated minimum energy structures.
Isomer A has one of the two O atoms in HCOO™ tipped into the binding site and interacting with
three of the four NH groups of omC4P; the other oxygen is tipped upward but still interacts with
the remaining NH group. This configuration is similar to the X-ray crystal structure of L-proline
bound to an aryl-extended C4P receptor’ and can likely be extrapolated to other carboxylate
containing molecules or ions. Isomer B is calculated to be 29 meV higher than the zero-point
corrected energy of isomer A and has one of the two O atoms in HCOO™ pointing into the binding
site and interacting with all four NH groups of omC4P. Isomer C is calculated to be 7 meV higher
in energy than isomer B and has each O atom interacting with two of the four pyrrole NH groups.
Each HCOO ™ -omC4P isomer breaks the C4y symmetry of the omCA4P receptor, shifting to C; in
isomer A, Cs symmetry in isomer B, and Cay symmetry in isomer C. The symmetry lowering is a

result of the ion shape and the subsequent distortion of the macrocycle to accommodate for it.
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CHOO-omC4P - Isomer A CHOO-omC4P -Isomer B CHOO™-:omC4P -Isomer C
+0 meV (0 kJ/mol) +29 meV (2.80 kJ/mol) +36 meV (3.47 kJ/mol)

Figure 2. Calculated structures of HCOO -omC4P complexes in the gas phase. For each isomer,
the zero-point corrected relative energies are given. A top view along the symmetry axis of the
omC4P receptor and a side view of each complex is shown. C = gray, H = white, N = blue, O =

red. Dashed lines represent hydrogen bonds. Select atoms labeled for reference in main text.

Selected properties of each isomer are summarized in Table 1. In isomer A, the formate anion
sits asymmetrically in the omC4P binding pocket with one O atom tipped into the pocket,
interacting with three NH groups, and one O atom tipped out of the pocket and binding to one NH
group. The O atom inside the pocket is pulled closer to the NH group in plane with the HCOO"
and has a H-bond length of 176 pm, sitting almost centered (198.9 and 199.2 pm) between the out-
of-plane NH groups. We note that starting in a similar geometry, but enforcing Cs symmetry, did
not yield a stable structure, and geometry optimization without symmetry restriction always

resulted in a structure with C; symmetry. In isomer B, the H-bonded CO group of HCOO™ sits



slightly off-center in the binding pocket of omC4P. It is equidistant (189 pm) to the NH groups
perpendicular to the plane of the ion, but has H-bond distances of 182 and 200 pm to the in-plane
NH groups. The average of all H-bond distances in isomers A and B is 190 pm, which is equivalent
to the H-bond distances in isomer B where the ion sits centered in the pocket. This calculated
distance from NH groups to the bound O atom(s) is shorter than that of the previously studied
nitrate complex (ca. 200 pm).??> We attribute the difference in H-bond length to the proton affinity
of the bound ion; HCOO™ has a higher proton affinity (ca. 1449 kJ/mol)** than NOs~ (ca. 1358

kJ/mol).®
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Table 1. Selected Calculated Properties of Formate-omC4P Complexes.

Isomer NH:---ion distance [pm] C-O distance [pm]

charge distribution ? in ion [¢e]

A 176 [177]° (O1H1) 128 [128]° (CO1)
266° [2611° (O1H2) 124 [125]° (CO2)
1994 [198]° (O1H3,4)
196° [199]° (O2H2)

-0.844 [-0.8431° (O1)
-0.726 [-0.745]° (02)
0.081 [0.0971° (H)

B 182°[185]° (O1H1) 130 [130]° (CO1)
200°[197]° (O1H2) 123 [123]° (CO2)
189¢[191]° (O1H3,4)
283°[290]° (O2H2)

-0.872 [-0.863]° (O1)
-0.675 [-0.710]° (02)
0.075 [0.0911° (H)

190 [1901° 126 [126]°

-0.787 ¢ [-0.795¢]° (O)
0.085 ¢ [0.102¢]° (H)

# NBO charges.

® Values in square brackets are from calculations using a polarizable continuum model (PCM)
with a dielectric constant of acetonitrile (35.688 as implemented in Gaussian 16).

¢ NH group in HCOO™ plane interacting with O1 atom tipped into pocket.

4 NH group out of HCOO™ plane interacting with O1 atom tipped into pocket.

¢ NH group in HCOO™ plane interacting with O2 atom tipped out of pocket.

The experimental photodissociation spectrum (see Figure 3) suggests population of

multiple isomers of HCOO -omC4P, reflected in the broadening and complexity of the NH

stretching features compared to the spectra of omC4P with halides' or nitrate?? and the presence

of two peaks in the HCOO™ CH stretching region. Isomers B and C are ca. 30 meV higher in energy

than isomer A, and we tentatively assume population of all three isomers due to kinetic trapping

as there are large barriers (see Supporting Information) between the isomers, due to their
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significant differences in their H-bonding configurations.*® The broad peak at 3287 cm™ is the
signature of the totally symmetric, in-phase linear combination of all four NH oscillators in all
isomers. Most of the antisymmetric NH stretching modes of all isomers are contributing to the
broad feature at 3250 cm’!. The transitions providing intensity to this feature from isomers A and
B are characterized by the NH groups out of the formate plane oscillating out-of-phase with each
other while the other NH groups do not participate in the vibration, and a mode at slightly lower
frequency with the NH oscillator in the formate plane and close to the free O atom oscillating out-
of-phase to the other three NH groups. The lower energy shoulder of this feature is due to the
antisymmetric stretching modes of isomer C (b2 and b1 symmetry), one with two adjacent NH
groups interacting with the same O atom oscillating in-phase and the opposite adjacent pair
oscillating out-of-phase, while the other mode has the adjacent NH groups interacting with the
same O atom oscillating out-of-phase with each other. The final antisymmetric stretching mode of
isomer C, which does not appear in the spectrum, is a symmetry forbidden a> mode, in which
opposite NH groups oscillate in-phase with each other but out-of-phase with the other opposite

pair.
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Figure 3. Experimental (upright) and calculated (inverted) IR photodissociation spectra of
HCOO -omC4P-N». The calculated traces are color coded and labeled for each isomer of the
complex. Individual transitions are represented by vertical bars and distinguished based on
calculation method (gray: harmonic; red bar). Black arrows indicate a transition treated
anharmonically. A single asterisk represents a feature not captured by harmonic calculations. A

double asterisk represents features not previously observed in the spectra of omC4P complexes.

The two broad features labeled with an asterisk in Figure 3 around 3175 cm™ are not captured
by the harmonic calculations. We assign these features based on previous anharmonic calculations

of similar peaks in the spectra of halide-omC4P complexes'> to overtones and combination bands
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of NH wagging modes that gain intensity from Fermi interactions with the neighboring NH
stretching modes.

The peak at 3113 cm™! labeled CH,y is consistent with the CH stretching modes of the pyrrole
groups in the previously published chloride and nitrate complexes.'> 2> However, in the case of the
formate complex, the lowest frequency NH antisymmetric stretching modes of isomers A and B
are hidden within this peak. In these isomers, the NH antisymmetric stretching mode in which the
NH oscillator in plane with the formate ion and further from or closer to the CH group of formate,
respectively, (see Supporting Information for animation) is likely to be strongly anharmonic due a
low lying proton transfer channel to the formate ion.?” Using harmonic approximation calculations,
the scaled frequency of this mode is 3177 or 3154 cm™! (see Supporting Information) which is not
consistent with the experimental spectrum. When treating the mode anharmonically, it is
calculated to be in a similar range as the CHyy stretching modes, at 3093 or 3101 cm™'. We therefore
assume that both the pyrrole CH stretching modes and the strongly anharmonic NH stretching
modes of isomers A and B contribute to the feature at 3113 cm’'.

The cluster of peaks labeled CH3 from 2850-3000 cm™ forms a congested region, encoding not
only the CH stretching modes of the eight methyl groups of the receptor but also containing Fermi
resonances of these modes with the overtones and combination bands of the methyl HCH bending
modes.*® The congestion makes a detailed assignment of the region challenging; however, we can
assign the group of peaks at 2868 and 2914 cm! to the linear combinations of the local symmetric
CHj3 stretching modes of the methyl groups and the peaks at 2954 and 2966 to linear combinations
of the asymmetric stretching modes of the same groups. We note that the latter are affected by the
vicinity of the ion, extending to higher frequencies (labeled ** in Figure 3) than in other omC4P

15, 22

complexes, particularly for isomer C. This is due to the much shorter distance of the nearest
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methyl H atom to the ion in the present case (220 pm) compared to, e.g., nitrate guest ions (273
pm).?

From the point of view of the guest ion, the different isomers are clearly distinguishable in the
IR spectrum. Earlier work by Johnson, McCoy, Jordan, and coworkers showed that the CH
stretching mode of the formate ion (found at 2449 cm! for Ar-tagged formate) is quite sensitive

t,% and our results reflect this sensitivity. The peaks at 2665 cm™ and

to its chemical environmen
at 2754 cm™' can be assigned to isomer B and isomers A and C, respectively, although the
calculations underestimate the frequency difference of these features.

The OCO stretching modes of the formate ion also show significant differences for the three
isomers. The lowest frequency features shown in Figure 3 and Table 2 are associated with
antisymmetric OCO stretching vibrations in the formate guest ion, which differ significantly based
on binding motif. The calculations recover the frequencies of the two observed peaks in the
spectrum quite well, allowing us to assign the peak at 1653 cm’! to the signature of the formate
OCO antisymmetric stretching mode in isomer B, while we assign the broad feature centered at
1608 cm™ to the same mode of isomer A and C. We note that the symmetric stretching modes of

this group are calculated to be well below the range reported here, around 1289 cm™!, 1230 cm’!

and 1325 cm’! for isomers A, B and C, respectively.
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Table 2. Selected Experimental, Scaled Harmonic, and Anharmonic Vibrational Frequencies of

Formate-omC4P in cm ™.

Experimental Calculation - Harmonic (Anharmonic) Characterization

Isomer A Isomer B Isomer C
1608* 1605 1599 OCO antisymmetric — A, C
1653 1652 OCO antisymmetric — B
2665 2694 CH stretch formate — B
2754 2720 2727 CH stretch formate — A, C
2868, 2914° 2893,2908°  2894,2910° 2889,2909° CHs symmetric
2954, 2966, 3006* 2956,3011° 2960, 2980°  2952,3020° CHj; asymmetric
3113 3094, 3114 3096, 3112 3097, 3113 CHpy antisymmetric

3177 (3097) 3154 (3101) NH antisymmetric — A, B
3250° 3224,3262  3234,3242  3216,3236  NH antisymmetric
3287 3292 3292 3275 NH symmetric

2 Peak centroid.

b Range of calculated features with this character.

Figure 4 shows a comparison of the spectra of HCOO™-omC4P in vacuo, in deuterated acetone,
and deuterated acetonitrile. One important observation is that the evidence for multiple isomers
persists in solution, indicated by the persistence of the CH stretching signatures characteristic of
these isomers in the solution spectra. Moreover, apart from the broadening expected for room
temperature solutions compared to the CIVS spectrum, there are clear solvent-induced shifts in the

solution spectra, observed for nearly all observed features, with significantly different behavior
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compared to the cases of nitrate and heavy halide (ClI” and Br") guest ions, where only the NH

stretching modes were significantly affected by solvation.!* 22

in vacuo
——CD,CN
——(CD,),CO

intensity [arb. units]

2600 2800 3000 3200 3400
wavenumber [cm]

Figure 4. Experimental IR photodissociation spectrum of HCOO -omC4P (gray) compared to

FTIR spectra of 10 mM solutions of the same complex in CD3CN (orange) and (CD3)>CO (brown).

The signature of the higher frequency antisymmetric NH stretching modes in HCOO™-omC4P
(and the overall bulk of the NH stretching feature) shows a small red shift in (CD3)>CO, while the
symmetric NH stretching signature exhibits a small blue shift (see Table 3). In contrast, both
features are slightly blue-shifted in CD3CN, with the magnitude of the shifts similar to that in
Cl -omC4P" (10-20 cm™). Finally, the feature containing the pyrrole CH stretching signatures and
the lowest frequency NH stretching mode of isomer A at 3114 cm™! remains unshifted in solution.
This is quite different from the solvatochromic behavior of the NH stretching modes in omC4P

complexes with CI, Br, or NO3~, where all solvent induced shifts were towards higher
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15, 22

frequencies, and could be qualitatively explained by a simple electrostatic model as well as

DFT calculations including a polarizable continuum model (PCM).>*

There are two main differences between formate and the other ions mentioned above, (i) the
binding energy of the ion-receptor complex, and (i1) the charge distribution that the ion presents
to the solvent. The calculated binding energy of the ion-receptor complex for formate is 2.43 eV,
2.60 eV and 2.51 eV for isomer A, B and C, respectively, which is higher than those of nitrate
(2.08 eV),? bromide (2.04 eV)," or chloride (2.37 eV),"* calculated at similar levels of theory. As
a result, one may expect that the influence of the solvent on the geometry of the complex and
therefore on the NH stretching frequencies should be smaller than for these ions, which is
qualitatively in line with the observations as well as with the calculated geometry changes using
PCM calculations (see Table 1). The binding energy of formate is not quite as high as that of
fluoride (3.89 eV),'> where no solvent induced shifts were observed at all. The charge distribution
that the formate ion presents to the solvent depends on the isomer (Table 1). In isomers A and B,
the O atom closest to the solvent has a slightly higher calculated partial charge than the equivalent
O atoms in nitrate,?? but the latter presents two charged O atoms to the solvent, while the partial
charges on the halides are higher, due to their monoatomic nature. In isomer C, the negatively
charged O atoms are deeply buried in the binding pocket of the omC4P host, while the H-atom of
the formate CH group is facing the solvent with a small positive charge. The resulting forces
exerted by the solvent on the bound formate ion can be expected to be smaller than for the other
ions based on these qualitative arguments. Together with the higher binding energy of the ion, this
can explain the weak solvatochromic effects. The frequency changes from PCM calculations
(Table 3) qualitatively capture the observed blue shifts in CD3CN. The weak red shift of the bulk

of the NH stretching signature in (CD3)2CO is not explained by simple electrostatic considerations
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and likely reflects more detailed molecular interactions between the bound formate ion and the
closest solvent molecules. However, including explicit solvent molecules in the calculations incurs
significant computational cost and is beyond the scope of the present work.

The CH stretching signatures of the bound formate ion exhibit solvatochromic blue shifts that
increase with the dielectric constant of the solvent. This behavior can be traced to the change in
the charge distribution of the formate ion upon solvation (Table 1), where the positive charge on
the H atom increases in PCM calculations. The anomalously low value of the formate CH
stretching vibration is due to an unusual, CH bond length-dependent mixing of different charge
localization limits, and it has been shown to be strongly varying with the chemical environment of
the ion.>* Our observations of blue shifting CH stretching modes for both isomers, concomitant
with a (calculated) increase in positive charge on the H atom, is consistent with an increased
polarization of the charge distribution in the formate ion by interaction with the solvent, which can
largely be captured by simple dielectric effects. We note that due to the poor solubility of formate
salts in both acetone and acetonitrile (we did not observe any dissolution of salt crystals), we
assume that neither of the CH stretching signatures originates from free formate in the solution.

Different from complexes of omC4P with nitrate or halide ions, there is a small (ca. 10 cm™)
solvatochromic blue shift of the CHj3 stretching modes for HCOO -omC4P (Figure 4). Solvation
seems to have little effect on the omC4P receptor itself in halide complexes. Therefore, we attribute
this shift to the interaction between the bound ion and the methyl groups around the binding site,
which is significantly stronger than for the other ions mentioned above. This shift is qualitatively
recovered by PCM calculations (see Table 3), and it reflects the electrostatic interactions of the
solvent and the bound ion, similar to the solvatochromic shifts of the formate CH stretching

vibrations discussed above. We note that further investigation with a variety of solvents would be
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interesting; however, as mentioned in earlier work,'® effects of counter ions in solvents with low

dielectric constants, H/D exchange in protic solvents, and strong solvent absorption peaks in the

observed range in other cases precluded the use of other solvents.

Table 3. Selected Experimental Vibrational Frequencies of Formate-omC4P in cm ™! in Vacuo and

the Relative Shifts of Equivalent Experimental and Scaled Harmonic Modes in CD3CN and

(CD3)2CO solutions, in cm™ from the Value in Vacuo.

InVacuo  CD:CN PCM - CDsCN (CD3),CO PCM — (CD3),CO

A B C A B C
2665 28 83 21 80
2754 26 -6 1 16 9 1
2868-2966* 10-12  30-26"  31-26° 27-23* 10-12 30-26°  31-26° 27-23°
3113 1 -18, 34 18,39 -14,1¢ 1 -18, 34 -18,39  -14,1¢
3250 11¢ -60,-28,1¢ 1, 14 43,-23¢ -6¢ -59,-26,34 -26,3¢  -41,-19¢
3287 23¢ -8 -8 30 16° 4 -7 27

 Peak centroid.
b Range of calculated features with this character.

¢ Values are the two features shown in Figure 4 fitted by two Gaussian profiles.

4 Values separated by commas indicate different transitions contributing to one peak centroid.
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Conclusions

The IR spectrum of formate complexed with omC4P shows that formate can bind in
multiple different binding motifs with different H-bonding connectivity. One is characterized by a
single oxygen interacting with three NH groups of omC4P and one oxygen interacting with the
fourth NH group, another has one oxygen interacting with all four NH groups of the receptor, and
the third exhibits two H-bonds for each of the two oxygen atoms. In each isomer, the symmetry of
the molecule is broken from the C4, symmetry observed in the halide-omC4P complexes to Ci, Cs,
or Coy symmetry due to the shape of the polyatomic guest ion. The existence of multiple isomers
and the reduced symmetry is reflected in the broadening and pattern of the NH stretching features,
which also encode the interaction between the formate ion and the omC4P binding site through
their frequencies. These features are red-shifted from those in the spectrum of the analogous nitrate
complex as expected from the higher proton affinity of formate compared to nitrate. The
vibrational modes of the formate ion corroborate the identification of three separate host-guest
binding motifs, as the formate CH stretching mode and the antisymmetric OCO stretching
vibrational mode give rise to clearly separate features for the different isomers.

Solvent effects on the vibrational spectrum of HCOO—omC4P are more complex than for
other guest ions studied previously (halides, nitrate). The solvatochromic shifts of the formate CH
stretching modes are consistent with a simple interpretation based on dielectric effects. However,
the NH stretching modes of the omC4P host require a more nuanced picture, where effects of
strong ion binding and the charge distribution that the bound formate ion presents to the chemical

environment result in a more complex overall picture.
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