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ABSTRACT. Ion receptors are molecular hosts that bind ionic guests, often with great selectivity.
The interplay of solvation and ion binding in anion host-guest complexes in solution governs the
binding efficiency and selectivity of such ion receptors. To gain molecular-level insight into the
intrinsic binding properties of octamethyl calix[4]pyrrole (omC4P) host molecules with halide
guest ions, we performed cryogenic ion vibrational spectroscopy (CIVS) of omC4P in complexes
with fluoride, chloride, and bromide ions. We interpret the spectra using density functional theory,
describing the infrared spectra of these complexes with both harmonic and anharmonic second-
order vibrational perturbation theory (VPT2) calculations. The NH stretching modes of the pyrrole
moieties serve as sensitive probes of the ion binding properties, as their frequencies encode the
ion-receptor interactions. While scaled harmonic spectra reproduce the experimental NH
stretching modes of the chloride and bromide complexes in broad strokes, the high proton affinity
of fluoride introduces strong anharmonic effects. As a result, the spectrum of F-omC4P is not
even qualitatively captured by harmonic calculations, but it is recovered very well by VPT2
calculations. In addition, the VPT2 calculations recover the intricate coupling of the NH stretching
modes with overtones and combination bands of CH stretching and NH bending modes and with
low-frequency vibrations of the omC4P macrocycle, which are apparent for all halide ion
complexes investigated here. A comparison of the CIVS spectra with infrared spectra of solutions
of the same ion-receptor complexes in ds-acetonitrile and des-acetone shows how ion solvation

changes the ion-receptor interactions for the different halide ions.
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Introduction

Synthetic molecular ion receptors have long been a focus of attention in supramolecular
chemistry.!”” Applications of molecular recognition of ions address the need to measure and

control the concentrations of ionic species in numerous chemical contexts, ranging from ionophore

10-13

antibiotics® to sensing,!!3 materials science,'* and separation science.!® Ion recognition also has

impact on important issues regarding food and water sources, such as the safety of public water

1518 or pollution with nitrate and phosphate from agriculture.'

supplies,
For anions in particular, a complete, predictive understanding of noncovalent interactions in
ion receptors in solution has not been achieved to date, despite decades-long work on molecular

1,3,6,20-25

recognition complexes, and there is still a need for a detailed, fundamental understanding

of ion receptors and binding competitiveness in solution in order to advance the rational design of

6, 21, 23

synthetic hosts for ionic guests. Experimental work in solutions (in particular NMR

spectroscopy) has been instrumental for obtaining structural data of the host-guest complexes

2123 particularly

themselves. However, effects of solvation are much more difficult to account for,
the interaction of the immediate solvation environment (i.e., the first solvation shell) with both
receptor and ion and its effect on the structure of and intermolecular forces in host-guest
complexes.

In principle, infrared (IR) spectroscopy is very well suited to inform on the intermolecular
forces involved in the interaction of ions, both with receptors and with their chemical environment,

but the spectroscopic responses encoding the relevant interactions in solutions are often obscured

by other absorption features. This is particularly true for the noncovalent interactions in aqueous



environments, both between ion and receptor, and between either partner with solvent molecules.
However, these interactions are crucial for molecular recognition, as they govern the
competitiveness for ion binding by a receptor compared to ion solvation. Another difficulty
associated with the analysis of solution data is the possibility of speciation. For example,
polyprotic receptors or ionic guests can exist in different protonation or deprotonation states, host-
guest complexes can exist with or without counter ions in close proximity, and they can be
surrounded by different (and fluctuating!) numbers of solvent molecules. This lack of control over
the chemical environment of the host-guest complex is hindering the precise characterization of
the complex and its interaction with the solvation shell.

An attractive approach to the detailed characterization of the relevant interactions is to use
mass spectrometric preparation of the relevant ionic complexes by electrospray ionization (ESI)
in tandem with laser spectroscopy. This strategy circumvents many of the complications present
in solutions, as mass selection reduces ambiguities from speciation and completely removes any
masking background signals from the bulk. In particular, spectroscopy of mass selected ions allows
the characterization of structures and intermolecular forces in the absence of solvent to contrast
with solution phase data, offering direct, experimental access to the characterization of solvent
effects.

There is an immense body of literature on host-guest complexes and molecular recognition in
the condensed phase (see, e.g., Refs. 1-7, 22, 24, 26-27 for reviews). In this work, we present
cryogenic ion vibrational spectroscopy and density functional theory calculations combined with
anharmonic calculations of the spectra. These approaches are used to probe the interaction of

halide guest ions with octamethyl calix[4]pyrrole hosts, shown in Figure 1. Calix[4]pyrroles
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(C4Ps) are macrocycles consisting of four pyrrole moieties linked by fully substituted sp* meso-
carbon atoms. In principle, C4Ps can have multiple conformations, characterized by the relative
orientations of their pyrrole groups. In nonpolar solvents, the direction of their NH groups usually
is non-uniform, but in polar solvents, they predominantly have a conical conformation®® with
roughly C4 symmetry and the NH groups forming a polar binding site. Octamethyl calix[4]pyrrole
(omC4P) is a prototypical ion receptor in this class of molecules, which has been studied
extensively in solution along with its derivatives (see, e.g., Refs. 6, 28-39). The axial methyl groups
around the cone formed by the four NH groups form a shallow binding pocket. Earlier solution-
phase studies showed that omC4P binds strongly to F~ and CI7, less so to Br, and not significantly
to I".>*3% We probe the interaction of halide ions with omC4P by analyzing the vibrational spectra
of cryogenically prepared X -omC4P complexes in vacuo. In this approach, the NH stretching
modes of the complexes serve as sensitive probes of the anion-omC4P interaction, and we compare
these spectra with analogous spectra obtained from room temperature solutions in ds-acetonitrile
and de-acetone. We interpret the experimental spectra with calculated IR spectra obtained by
density functional theory (DFT), both in the harmonic approximation and through vibrational

perturbation theory (VPT2).



Figure 1. Generic structure of halide-omC4P complexes.

Experimental Methods

Our cryogenic ion vibrational spectroscopy setup has been described in detail in earlier work,*
and only a brief overview will be given here. Solutions for ESI contained equimolar amounts of
halide salts and omC4P (ChemScene) in mixtures of acetonitrile (ACN, Thermo Fisher Scientific)
and water, using 0.1 mM of tetrabutylammonium fluoride (Thermo Fisher Scientific) and 1:1
ACN:H:0, 0.5 mM sodium chloride (Sigma-Aldrich), and 0.01 mM potassium bromide (Sigma-

Aldrich) for X=F, Cl, and Br, respectively. All chemicals were used as purchased.

Halide-omC4P ions, X" -omC4P, were generated by ESI. Ions from the spray entered a heated
desolvation capillary (80 °C), followed by a skimmer. They were then guided through a series of
radiofrequency octopole ion guides, a quadrupole bender, and electrostatic ion lenses into a 3D
Paul trap, which was kept at ca. 30 K by a closed-cycle He cryostat. The ions in the trap were

subjected to buffer gas cooling (10% Dz in He). The presence of residual N2 gas from the source
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inlet resulted in the formation of adduct ions of the form X -omC4P-N2 in the trap (N2 messenger
tagging). The trap contents were injected into the acceleration region of a Wiley-McLaren time-
of-flight mass spectrometer (TOF-MS) with a repetition rate of 20 Hz. In the first space focus of
the TOF-MS, the ions with N2 adducts were mass-selected by a pulsed interleaving comb mass
gate and irradiated with the output from a tunable IR OPO/OPA system (LaserVision). The binding
energy of the N2 molecules is sufficiently small that absorption of a single IR photon in the mid-
IR results in enough heating of the X -omC4P-N: target ions to induce the loss of the N2 moiety

by unimolecular decay, following the reaction

X -omC4P- N2 + icor — X -omC4P + Na.

The fragment ions, X -omC4P, were separated from the target ions using a reflectron as a
secondary mass spectrometer and detected on a dual microchannel plate detector. The fragment
ion intensity was monitored as a function of the photon energy and normalized to the photon
fluence to obtain the relative photofragmentation yield. The light source was fired during every
other experimental cycle to allow background subtraction. Several of the resulting
photodissociation spectra were averaged and retaken on different days to ensure reproducibility

and improve the signal-to-noise ratio.

Fourier Transform IR (FTIR) spectra of solutions of the halide-omC4P complexes were
acquired with a Thermo Scientific Nicolet iS5 FTIR spectrometer using a Starna Cell Infrasil
cylindrical cell with 0.2 mm path length. Solutions were prepared by dissolving equimolar amounts

of omC4P and tetrabutylammonium halide salts (TCI America) in CD3CN (Thermo Scientific



Chemicals) and (CD3)2CO (Thermo Scientific Chemicals) at 10 mM concentration. The spectra

reported in this work were corrected for the solvent absorption spectra in each case.

Computational Methods

The structures and spectra of X -omC4P complexes (X = F, Cl and Br) were calculated using
DFT,* with the B3LYP functional.*>* In this work, we used the cc-pVDZ basis sets for all C
atoms, and aug-cc-pVDZ basis sets for all other atoms.* The difference in the basis sets reflects
the greater importance of diffuse functions for the halide ion and the atoms it is most closely
interacting with (e.g. the nitrogen and hydrogen atoms) and the computational expense of
frequency calculations using the full aug-cc-pVDZ basis. All calculations were performed using
Gaussian 16.* To better compare to the patterns of the experimental spectra, the harmonic
frequencies used to generate the IR spectra calculated for these structures were scaled by 0.9529
to match the NH stretching frequency belonging to the e mode in the experimental spectrum of
Cl"-omC4P. Binding energies of the halide ions to omC4P were calculated including the

counterpoise correction.*¢

To aid in the assignment of the spectra, we employed two additional types of calculations,
both of which are based on the vibrational perturbation theory (VPT2) calculations that are
implemented in Gaussian 16.% Second order vibrational perturbation theory requires a quartic
expansion of the potential and a cubic expansion of the dipole surface. As implemented in the
Gaussian program package,* these expansions are obtained by displacing the equilibrium
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geometry of the complex of interest along each of the normal mode coordinates. This information
allows for the evaluation of the third and fourth derivatives of the potential as well as second and

third derivatives of the dipole surface using finite difference schemes.*->

The complexes explored in the present study contain 69 atoms and have 201 normal modes,
and the above approach is impractical even at the relatively inexpensive level of electronic
structure theory that we are using. In VPT2, the terms in the quartic expansion of the potential with
the largest contributions to the calculated frequencies of transitions to states with one or two quanta
of excitation in mode n include derivatives with respect to the nth normal mode coordinate, gx.

The exception to this comes from terms in the expansion of the potential that have the form

1 . . :
EFiff 4:9;q;, where i,j # n and Fj;is the cubic force constant

a3V

"1 = 3qiaq,04;

We have found that these cubic terms can be expected to introduce a small correction to the
transition energy, and this was validated through calculations of complexes of fluoride ions with
ammonia and methyl amine, described below. In this study, we exploit this observation and
perform the perturbation theory calculations in a reduced dimensional space. This greatly reduces

the expense of the potential evaluations required for the VPT2 calculations.

By focusing on excitations of a subset of the vibrations in the VPT2 calculations, we can use
a restricted expansion of the potential that only includes terms involving derivatives with respect

to the corresponding normal mode coordinates. While the use of this restricted expansion of the
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potential and dipole moment surfaces will also lead to approximations in the calculated intensities
of transitions to states with one quantum of excitation in one of the normal modes (e.g. for Av =1
transitions), the leading contribution to these intensities comes from the linear dipole/harmonic
oscillator approximation. We have validated the accuracy of this treatment through reduced-
dimensional perturbation theory calculations of the F-bound NH stretching vibrations in
F~---HNH2 and F ---HN(CH3)2 (see Supporting Information). These reduced dimensional VPT2
calculations were used to evaluate the anharmonicity and Fermi-resonance couplings among the
four NH stretching vibrations and the four NH wags as well as the eight highest frequency CH

stretching vibrations.

In addition to the reduced dimensional VPT2 calculations, we used the cubic force constants
obtained from the VPT2 calculations to construct a reduced-dimensional Hamiltonian matrix that
consists of the four NH stretches, any states with two quanta in the NH wags that are strongly
coupled to the NH stretching states, and the low-frequency vibrations that are coupled to the NH
stretches through cubic terms in the potential. Since the spectral feature we are modeling with
these calculations is roughly 150 cm™ to the blue of the peaks associated with the 1-0 transitions
of the NH stretching vibrations, we focus this analysis on low-frequency modes with frequencies
below 500 cm™'. On the basis of previous analyses of such couplings,”'** the intensity of a

transition to a state with one quantum in a high-frequency XH stretching vibration and one
. . . . Fhni 2 . . .
quantum in a lower frequency vibration is roughly exp (— m) times the intensity of the
l

transition to the state with one quantum of excitation in the high-frequency vibration. In this

analysis, Fnn 1s the cubic force constant involving one of the NH stretching vibrations (4) and a
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low frequency vibration (/), while w; provides the harmonic frequency of the low-frequency mode.
As w; is found to be at least 80 cm™!, values of the cubic coupling term smaller than 20 cm™ will
result in an intensity for the combination transition that is less than one percent of the intensity of
the fundamental transition. For the F -omC4P, the calculation considered eight states with two
quanta in the NH wags and ten low-frequency vibrations, while for the CI"-omC4P and Br -omC4P
complexes, only the NH stretching and eight low-frequency vibrations were included in the

calculations.

The above approach is based on an earlier study by one of us on host-guest complexes of a
hydronium ion in the 18-crown-6 ether,>! which itself was based on a recognition that low-
frequency motions of such complexes can tune the very anharmonic XH stretching frequencies.*?
In developing the present model, we considered all states with one quantum of excitation in the
high-frequency NH stretching vibration and up to three quanta of excitation distributed among the
low-frequency vibrations. The calculation was repeated with a larger basis, and we found that
increasing the total excitation in the low-frequency vibrations had little effect on the calculated
spectrum. The intensities are obtained by using the transition moments for the deperturbed 1-0
transitions for the NH-stretching vibrations and assuming that transitions to states with excitation
in both the NH stretch and low frequency vibrations carry no intrinsic intensity. A list of the
frequencies and cubic coupling terms that were used to set up the Hamiltonian matrix in this
reduced-dimensional space along with a list of the calculated eigenstates and their intensities are

provided in the Supporting Information.
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Results and Discussion

Figure 2 shows the IR photodissociation spectra of Na-tagged ClI-omC4P and Br-omC4P
together with their calculated IR spectra. The halide-omC4P complexes have Cs symmetry, and
consequently each vibrational mode of the omC4P macrocycle is a linear combination of the local
modes of the symmetry-linked constituents. We note that not all linear combinations of local
oscillators are IR active due to the symmetry of the complex. To assist in the assignment, each
calculated spectrum is shown as an inverted plot below the corresponding experimental spectrum.
The calculated spectra are evaluated using a combination of the three calculations described above.
Specifically, the frequencies and intensities of transitions involving the pyrrole CH stretching and
NH wagging vibrations are obtained from a VPT2 calculation that only considers these twelve
modes. The NH stretching and low-frequency vibrations are obtained from an analysis of the cubic
terms obtained from a VPT2 calculation that only considers these four high frequency vibrations.
Finally, the remaining CH stretching vibrations are treated at the harmonic level, with the
frequencies scaled by 0.9529. To differentiate these contributions to the spectra, they are plotted
in blue, red, and black in the displayed stick spectra, respectively. The peak positions of the
features discussed below are summarized in Table 1, together with the calculated values.

We will address the spectrum of Cl™-omC4P first. The group of features between 2800 cm™' and
3050 cm ! (labeled “CH3” in Figure 2) is due to the CH stretching modes of the eight methyl
groups. There are likely to be Fermi resonances with the overtones and combination bands of the
HCH bending modes in this region,>> which explains why the features in this region are more

complex and congested than predicted by the scaled harmonic calculations shown in Figure 2 and
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listed in Table 1 (see also Supporting Information for scaled harmonic spectra). Overtones and
combination bands of HCH bending modes often introduce congestion and complicate
assignments in the CHs stretching region. Since these modes carry little information on the
interaction between the ion and the receptor, we will not attempt to assign all features in detail.
However, we can tentatively attribute the lower frequency peaks at 2874 cm™! and 2899 cm™! to
linear combinations of the local symmetric stretching modes of the CH3 groups, while the peaks
at 2953 cm! and 2970 cm™! are the signatures of similar linear combinations of asymmetric
stretching modes of these groups.

The partially resolved doublet at 3113 cm ™! and 3118 cm™! (labeled “CHpy” in Figure 2) is
consistent with the calculated frequencies of the CH stretching modes on the pyrrole rings, with
the lower frequency component coming from linear combinations of the local antisymmetric
modes of the local oscillators, while the higher frequency component is due to linear combinations
of the symmetric modes. This assignment is supported by VPT2 calculations that include the eight
CHpy stretching vibrations as well as the overtone and combination bands involving the NH
wagging vibrations (blue stick spectrum). As seen in the upper panel of Figure 2, the NH wagging
overtones lie between the CHpy and NH stretching vibrations, and these transitions pick up notable
intensity from Fermi resonances. While these calculations underestimate the intensities of these
transitions relative to the NH stretching vibrations, the relative intensities of the two broad peaks

around 3170 cm™! (labeled 2NHsg) and the CHpy features are consistent with the reported spectrum.
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Figure 2. Experimental IR photodissociation spectra (upright) of Cl-omC4P-N: (top) and
Br-omC4P-Nz (bottom) and calculated IR spectra (sticks and full line, inverted) for ClI"-omC4P
and Br-omC4P. All calculated features except the CH3 stretching modes are from anharmonic
calculations (see Computational Methods section). The halide ion is indicated in each panel and
the experimental traces are color coded for each ion. Individual transitions are represented by
vertical bars and distinguished through their method of calculation (black: harmonic, CHj3
stretching modes; blue: VPT2, pyrrole CH stretching fundamental transitions and bending
overtones and combination bands, NH wagging overtones and combination bands, includes
coupling with NH stretching; red: VPT2, NH stretching fundamental transitions and combination

bands with low-frequency vibrational modes). See text for the description of peak labels.
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Table 1. Selected experimental, scaled harmonic, and anharmonic vibrational frequencies of

halide-omC4P complexes in cm .

Halide  Experimental Harmonic Anharmonic Characterization

F 2870, 29007 2871 —2887° CH3 symmetric stretching
2955, 29742 2942 —2973° CH3 asymmetric stretching

3117 3080, 3096°¢ CHpy antisymmetric stretching

ca. 2974¢ 3066 (3106)° 2987 Degenerate NH stretching (e)

ca. 3100° 3194 (3205)° 3125 Symmetric NH stretching (ar)
Cr 2874, 2899? 2873 —2889° CH3 symmetric stretching
2953, 2970? 2945 —2972° CH3 asymmetric stretching

3113 3083 CHpy antisymmetric stretching
3118 3098 CHpy symmetric stretching

3239 (3261)¢ 3239 (3289)° 3212 Degenerate NH stretching (e)

3277 (3297)¢ 3283 (3313)° 3256 Symmetric NH stretching (a:)
Br- 2873, 2895% 2873 — 2889° CH3 symmetric stretching
2954, 29707 2946 —2971° CH3 asymmetric stretching

3117 3083, 3099°¢ CHpy antisymmetric stretching

3260 (3283)“¢ 3272 (3318)° 3229 Degenerate NH stretching (e)

3292 (3313)%¢ 3304 (3336)° 3263 Symmetric NH stretching (a:)

4 Peak centroids.

b Range of calculated features with this character.

¢ Experimental features unresolved.

4 Values in parentheses are from FTIR spectra in CD3CN solutions; see Supporting Information
for FTIR data for solutions in (CD3)2CO.

¢ Values in parentheses are from calculations in a polarizable continuum with the dielectric

constant of acetonitrile.
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The feature at 3239 cm! is the signature of two degenerate linear combinations of the local NH
stretching oscillators, giving rise to two e modes, while the peak at 3277 cm™' is the radially
symmetric linear combination, resulting in a mode with a1 symmetry. In each e mode, two of the
four NH groups oscillate out of phase, while the other two do not move. The a1 mode is an in-
phase oscillation of all four NH groups. These two NH stretching features encode the interaction
between the omC4P binding site and the halide ion. The fourth linear combination of the local NH
stretching oscillators results in a b1 mode, whose fundamental transition (scaled harmonic value
3230 cm!, anharmonic 3204 cm!) is symmetry forbidden, and therefore missing from the
spectrum.

On the basis of these calculations, we can assign the features labeled 2NHg around 3170 cm™!
to overtones and combination bands of pyrrole ring deformation/NH wagging modes, which
borrow intensity from the intense NH stretching modes. Finally, a weak peak at 3358 cm™! (labeled
with an asterisk) is a combination band of the degenerate NH stretching modes with low-frequency
modes, particularly a degenerate mode characterized by pyrrole twisting and a side-to-side motion
of the Cl™ ion (see Supporting Information, unscaled harmonic frequency 113 cm™), perpendicular
to the symmetry axis of the molecule.

As expected, the CH stretching features do not significantly change their positions upon
exchanging CI” with Br™ (see Table 1). However, the NH stretching signatures move considerably
to the blue, by 21 cm ™! and 14 cm™! for the NH(e) and NH(a1) modes, respectively. The blue shift
is qualitatively consistent with the change in proton affinity of the halide (1395 kJ/mol for C1~>*

and 1354 kJ/mol for Br™ %), as well as the calculated binding energy to omC4P (2.37 eV for CI,
17



2.04 eV for Br, consistent with values from recent photoelectron spectroscopy work by Cao and
Wang>®). The weaker interaction of the NH groups with Br™ leads to a shift of the NH stretching
modes towards their value for free, neutral omC4P (highest calculated, scaled harmonic value 3448
cm!, see Supporting Information). Both the harmonic and anharmonic calculations qualitatively
capture the frequency shift between the CI” and Br™ complexes (see Table 1 and Supporting
Information).

Along the same lines of thought, one would expect the NH stretching modes to shift to lower
frequencies for ions with a greater proton affinity. Figure 3 shows the IR spectrum of N2 tagged
F-omC4P. At first glance, the NH stretching bands seem to be absent from the spectrum, and they
are not recovered at all by calculations based on the harmonic approximation (Figure 3). In
addition, there are many additional bands at frequencies above the range of the CHs signatures,
more than observed for the bromide and chloride complexes. The CHs signatures themselves are
in line with those found for the other X"-omC4P complexes, and although the CHpy feature shows
some broadening on its low frequency side, its peak and high frequency side are compatible with
CHpy features largely unaffected by the change in the chemical identity of the ion.

We note that, in light of the large proton affinity of F~, one might hypothesize that the complex
does not adopt Cs» symmetry at all, and instead has a minimum structure with the F~ ion displaced
towards one of the NH groups. Such a structural change might well lead to a completely different
pattern of the NH stretching features. However, a structural search explicitly testing for such motifs
did not reveal any indication for a deviation from Cay symmetry.

Anharmonic (VPT2) calculations offer an explanation for both the apparently missing NH

stretching signatures and for the additional features above ca. 3030 cm™'. The VPT2 calculations
18



predict the NH(e) and NH(a1) transitions at 2987 cm™' and 3125 cm™!, respectively, highlighting
the lowered frequencies and larger anharmonicities of these modes compared to the Cl™ and Br~
complexes, which we attribute to the very large proton affinity of F~ (1555 kJ/mol for F~>”), which
also results in a large calculated binding energy to omC4P (3.89 eV, consistent with recent
photoelectron spectroscopy work by Cao and Wang>®). While the intensity of the NH(e) feature is
overestimated, transitions based on strongly anharmonic OH or NH oscillators are typically not

only significantly red-shifted, but also very broad,>!: 3-63

making it possible that the mode will be
broadened sufficiently to be all but unobservable in the congested CHs stretching region. The
stronger coupling is evidenced by the more extended series of combination transitions involving
the NH stretching vibration and low frequency motions, indicated by arrows in Figure 3. We note
that exploratory measurements in the frequency range below 2800 cm ™! did not reveal any features
that would indicate an even greater red shift of the NH(e) mode. The NH(a1) transition is predicted

by the VPT2 calculations to be found in the same region as the CHpy transitions, most likely

contributing to the broad shoulder around 3100 cm ™.
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Figure 3. IR photodissociation spectrum of F-omC4P-N2 (upright, top), in comparison with the
calculated IR spectrum from a VPT2 calculation (inverted, sticks and full line, second trace from
top, color scheme as in Figure 2), and from a scaled harmonic calculation (inverted, bottom). The
intensity of the strongest transition in the harmonic spectrum was multiplied by 0.5 for better
comparison between the spectra. Similarly, the region indicated by the bracket (above 3080 cm™")
in the anharmonic spectrum was multiplied by a factor of 2 to better show the sequence bands of

low frequency vibrations coupling to the NH(e) mode, which are also indicated by the short arrows.

The pronounced anharmonic nature of the NH stretching potential in F-omC4P also introduces
strong coupling with low frequency vibrational modes that tune the NH---F~ angle, and therefore
the NH---F interaction (see Supporting Information). This coupling can then give rise to the
observation of sequence bands of such low frequency modes,>!>% 3863 building on the transition

of the NH stretching mode coupling to them. The broad, new features above 3050 cm™! are
20



consistent with such sequence bands, gaining significant intensity through anharmonic coupling

to the NH(e) mode.
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Figure 4. Comparison of experimental IR photodissociation spectra of halide-omC4P complexes
(faded lines) with FTIR spectra of 10 mM solutions of the same complexes in CD3CN (full lines).
The identity of each halide is given above each trace. See Supporting Information for FTIR data
for solutions in (CD3)2CO.

One of the main challenges in the design of anion receptors is to accurately account for the
effects of solvation on the ion binding. Figure 4 shows a comparison of the IR photodissociation
spectra of the halide-omC4P complexes under study with the FTIR spectra of solutions of the same

complexes in CD3CN. The frequencies of the CH stretching features are rather insensitive to the
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chemical environment (vacuum vs. solution). The NH stretching features for complexes with CI
and Br~ shift towards higher frequencies (on average 20 cm™' for CI” and 27 cm™! for Br"). This
behavior is not unexpected, as the interaction between the ion and the solvent will serve to weaken
the interaction between the ion and the binding site of the omC4P receptor. The competition
between ion binding and ion solvation is of course at the heart of the change of the equilibrium
binding constant between the different halides, which increases by a factor of 35 from Br™ to CI,
and by a factor of 49 from CI to F~ for solutions in CD2Cl2.%

In contrast to the complexes with Br™ and CI7, there is very little overall change in the spectral
envelope for F"-omC4P. In particular, there is no indication that the NH stretching modes shift to
higher frequencies at all. A look at the geometries of the complexes (Figure 5) holds clues to
explain this behavior. As the NH---X" distance diminishes from Br™ to F~, the exposure of the
halide ion to the chemical environment diminishes as well, owing to the changes in the proton
affinities along the halide series. While both Br~ and CI™ ions protrude significantly beyond the
plane of the axial methyl groups of the complex, F~ is sufficiently deep in the binding pocket to
have very little direct exposure to the solvent, and therefore does not exhibit any significant
solvent-induced change in the NH stretching signatures. Scaled harmonic calculations embedding
Cl"-omC4P and Br-omC4P complexes in a dielectric medium (simulated by a polarizable
continuum model, PCM®) with the dielectric constant of acetonitrile (35.688 as implemented in
Gaussian 16) qualitatively recover the blue shift of the NH stretching modes, but overestimate the
amount of this shift (see Table 1 and Figure 6). We assume that the deviation of the calculated blue
shift from the observed values is due to the shortcomings of the PCM approach itself as well as

anharmonic effects.
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F-omC4P
171 (176) pm

Cl--omC4P
229 (238) pm

Br -omC4P
248 (259) pm

Figure 5. Calculated geometries of gas-phase halide-omC4P complexes. The halide identity is
given for each structure, together with the NH---X™ distance (PCM values for acetonitrile in

parentheses).

Analogous calculations on F-omC4P predict a similar blue shift as for the CI” and Br~
complexes, which is contrary to the experimental observations. This is not surprising, since the
harmonic calculations underestimate the red shift of the NH stretching modes in F"-omC4P and
would therefore likely overestimate the influence of the solvent on their frequencies. In line with
the predicted change in frequencies, the presence of a dielectric medium results in increases in the

NH---X" distances (by 3 — 5%, see Figure 5).
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Figure 6. Experimental peak positions (full symbols) and computed (scaled harmonic PCM
calculations, open symbols) transition energies for NH stretching modes in CI"-omC4P (top) and
Br-omC4P (bottom) for solvents with different dielectric constants. Modes with e representation
are displayed as squares, those with a1 representation are shown as circles, with dotted straight
lines to guide the eye. Dashed and full smooth lines represent model curves (see text) for the
calculated and experimental trends, respectively. The solvents in the PCM calculations are (in

order of increasing dielectric constant) chloroform, acetone, acetonitrile, dimethyl sulfoxide, and

water.

Based on work by Flood and coworkers,? the calculated binding energies and NH---X distances

put all halide-omC4P complexes into a regime where electrostatic effects dominate the behavior
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of the complexes, while non-electrostatic interactions (defined in ref. 23 as induction and
dispersion) do not play a significant role. This suggests that a wider range of solvents would be
interesting for an exploration of the dependence of the NH stretching modes on the dielectric
constant of the medium. Unfortunately, several effects render an experimental approach
problematic. For low dielectric constants (e.g. CH2Clz or CHCl3), ion pairing effects are known to
occur, even with large counter ions such as tetrabutylammonium,** rendering data from these
solutions unsuitable to probe dielectric effects on the NH stretching modes. Protic solvents cannot
be used, since H-D exchange will make NH stretching mode information meaningless. Exploratory
measurements using (CD3)2SO suffered from a solvent absorption at ca. 3250 cm™, which made
the FTIR spectra in the region of the NH stretching modes unreliable. It is in line with these issues
that while X-omC4P complexes have been characterized in detail using NMR spectroscopy,>*3°
no in-depth study of the solvent dependence of their IR spectra has been performed so far to our
knowledge. In the absence of a better experimental coverage of dielectric constants, PCM
calculations can be used to obtain a qualitative picture of the effects of solvent effects, even though
they overestimate the blue shift of the NH stretching modes in a dielectric medium. Figure 6 shows
the dependence of the NH stretching modes on the dielectric constant of the surrounding medium.
The calculated trends indicate that the blue shift of these modes increases quickly with increasing

dielectric constant. The calculated trends can be described in terms of a simple electrostatic model

(see Supporting Information), yielding a function of the form,

e—1
e+ 1

~

W(€) = Wyge + AD -
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where @, 1s the wavenumber in vacuo (Table 1) and A@ is the asymptotic blue shift for large
dielectric constants, determined empirically for each curve shown in Figure 6. The excellent
agreement of the model with both calculated and experimental trends corroborates the assumption

that electrostatic effects dominate the behavior of the complexes.

Summary and Conclusions

The IR spectra of halide-omC4P complexes show how the interaction between the halide and
the ion binding site is encoded in the frequencies of their NH stretching signatures. As one might
expect, the frequencies of these features shift to higher values with decreasing proton affinity and
binding energy of the halide, and the calculated NH---X distance increases concomitantly. While
scaled harmonic spectra recover the experimental NH stretching features of the chloride and
bromide complexes quite well, they fail to predict the spectrum of F-omC4P even qualitatively,
as the high proton affinity of F~ introduces strong anharmonic effects. Anharmonic calculations
capture the overall behavior of the NH stretching modes well. In addition, they show how coupling
between the NH stretching modes and low frequency motions give rise to additional features in
the spectra of all halide-omC4P complexes.

The NH stretching modes observed in vacuo are also observed in solutions of these complexes
in CD3CN. The solvent environment introduces blue shifts in the NH stretching modes for
Cl"-omC4P and Br -omC4P compared to their positions in vacuo, but not for F"-omC4P. We trace
the difference in solvent response to the different exposure of the bound ion to the chemical

environment. Based on the calculated binding energies and NH--- X" distances and the behavior of
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the NH stretching frequencies as a function of the dielectric constant, we assume that the

interaction between the receptor and the ion is dominated by electrostatics.
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Supporting Information. The following files are available free of charge:

File 1: Reduced-dimensional perturbation theory calculations of the F -bound NH stretching
vibrations; frequencies, cubic coupling terms, the calculated eigenstates and their intensities;
dielectric model for the behavior of NH stretching frequencies in the presence of

dielectric media; calculated lowest energy structure and NH stretching frequencies for neutral
omC4P; harmonic and anharmonic calculated spectra of C1"-omC4P and Br -omC4P; FTIR
spectra of X™-omC4P solutions in acetonitrile and acetone; atomic coordinates of X -omC4P (X
=F, Cl, Br);

File 2a: Animations of low frequency molecular vibrations coupling to the NH stretching modes
for CI"-omC4P and F-omC4P.

File 2b: Representations of low frequency molecular vibrations coupling to the NH stretching
modes for CI"-omC4P and F-omC4P using amplitude arrows.

File 3: Excel file containing the parameters used in the calculation that couples the NH stretching

vibrations with the low frequency vibrations.
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