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ABSTRACT. We present cryogenic ion vibrational spectroscopy of complexes of the anion
receptor octamethyl calix[4]pyrrole (omC4P) with nitrate in vacuo. We compare the resulting
vibrational spectrum with that in deuterated acetonitrile solution, and we interpret the results using
density functional theory. Nitrate binds to omC4P through H-bonds between the four NH groups
of the receptor and a single NO group of the nitrate ion. The shape of the ion breaks the Ciay
symmetry of the receptor, and this symmetry lowering is encoded in the pattern of the NH
stretching modes of omC4P. We compare the spectrum of nitrate-omC4P with that of chloride-

omC4P to discuss effects of ion size, shape, and solvent interaction on the ion binding behavior.
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Anion receptors have multiple applications in chemistry,'”

e.g., in the regulation of anion
concentrations in living systems®® and in sensing of anionic pollutants from agricultural,
industrial, or military sites.'®!* Anion binding to such receptors relies on non-covalent interactions
between the ions and the receptor binding site, which are in competition with solvation effects.
This competition makes a quantitative, predictive characterization of anion binding rather difficult,
and the detailed understanding of the competing effects remains a frontier in the supramolecular
chemistry of anionic guests binding to molecular hosts, with the ultimate aim of designing efficient
and selective anion receptors for a given anion.> % !> The binding site is often formed by a cavity
whose size and shape determines the binding geometry for the ion in question, as well as the
exposure of the ion to solvent molecules. These factors are crucial for the binding efficiency and
selectivity of an ion receptor.

Out of the many classes of natural and artificial anion receptors, calix[4]pyrroles have received
particular attention over the past two decades.® * '6-° First synthesized by Baeyer in 18862° and
rediscovered as anion receptors by Sessler around 2000,!% 2% 2127 octamethyl calix[4]pyrrole
(omC4P) represents the simplest version of these synthetic anion receptors, consisting of four
pyrrole rings that are connected by substituted sp® meso-carbon bridges and arranged in a
macrocycle (see Figure 1). In the presence of anions, the NH groups of the pyrrole rings form a
pyramidal structure, generating a binding site that can capture anions through four hydrogen bonds
(H-bonds). At the same time, the pyrrole rings form a concave binding site for cations, facilitating
ion pair binding, particularly in less polar solvents.?

The interaction of the anion guest with the omC4P host is dominated by the H-bonds between
the NH groups and the ion. The NH stretching modes are very sensitive to this interaction, and

they represent excellent probes for the binding of a guest ion in the binding site. As mentioned
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above, the competition between ion binding and ion solvation directly affects selectivity and
efficiency of host-guest complex formation. It is difficult to disentangle effects of ion-receptor
interaction and ion solvation solely through characterization of complexes in solution, since the
presence of the solvent itself hinders an unobstructed view of ion-receptor binding. This problem
can be circumvented by comparing vibrational spectra in different solvents with the vibrational
spectrum of the same host-guest complex in vacuo. Cryogenic ion vibrational spectroscopy (CIVS)
in concert with quantum chemical calculations has been very successful for the detailed

spectroscopic characterization of mass-selected ions, 2837

including host-guest complexes of
omC4P with halide ions.?® In the present work, we use infrared (IR) spectroscopy in vacuo and in
solution together with density functional theory to investigate the effects of anion size and shape

on ion binding to omC4P, using nitrate guest ions as a case study in comparison with chloride (see

Supporting Information for a description of the methods used).

Figure 1. Structural motif of anionic guests binding to omCA4P.
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Comparing the calculated minimum energy structures of NO3 -omC4P and of Cl"-omC4P
(Figure 2),%’ one of the marked differences between omC4P complexes with halides and with NO3~
is that NO3™ can, in principle, have two different binding motifs in the binding site, where the NH
groups of omC4P can form H-bonds with one or two of the O atoms in NO3~ (Figure 2). The
isomer with a single NO group pointing into the binding site (isomer A), interacting with all four
pyrrole NH groups, is calculated to be 98 meV lower in energy than the alternative geometry
(isomer B), where each H-bonded NO group interacts with two NH groups. Table 1 summarizes
selected properties of these structures. Interestingly, the distance from the NH groups to the bound
NO group(s) in the nitrate complex is calculated to be significantly shorter than for the chloride
complex, despite a higher proton affinity of Cl~ (ca. 1395 kJ/mol)* than of NOs~ (ca. 1358
kJ/mol),*! and a higher calculated charge on Cl~ than on the bound O atom(s). We attribute this
somewhat unexpected result to distortion of the binding site in the nitrate complex that arises from
the ion shape and charge distribution of nitrate compared to chloride. The N-H-CI angle in the
chloride complex is ca. 175°, while in the nitrate complex (isomer A) the symmetry between NH
groups coordinated to the bound ion is broken. The N-H-Opounda angles in-plane with the nitrate
adduct are 159°, and the other pair are 171°. The N-H-N angles are 177° and 167° for the in-plane
and out-of-plane groups, respectively, and the in-plane N-H-Ofee angles are 153°. In other words,
all four of the NH groups point nearly straight at the Cl™ ion, while the pyrrole rings twist in the
nitrate complex toward the nearest unbound O atoms of the NO3™ ion, resulting in two of the NH
groups pointing in the direction of the bound oxygen and two pointing between the bound and
nearest free oxygen. The two out-of-plane pyrrole groups tilt inward toward the nitrate ion and the
in-plane rings tip slightly outward. In Cl"-omC4P, the dihedral angle between all four pyrroles is

0°. When binding NOs", the out-of-plane and in-plane groups rotate ca. 6° out and 1° in,
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respectively, creating a dihedral angle of ca. 7° between adjacent pyrrole groups. In both calculated
isomers, the NH-Opound distances are ca. 200 pm (considering the two closest H atoms to each
bound O in isomer B), which suggests approximately equal strength of the H-bonds. However, the
NH-Osee distances in isomer A are 294 pm (nearest in-plane NH) and 357 pm (out-of-plane), while
the spacing is ca. 394 pm in Isomer B. The greater proximity of the H atoms to the free O in Isomer
A lends itself to stronger attractive interactions, better stabilizing the bound complex and drawing

the NO3™ moiety overall deeper into the binding pocket (Figure 2).

NO3;-omC4P - Isomer A NO;-omC4P - Isomer B
+0 meV +98 meV

Cl--omC4P

Figure 2. Calculated structures of gas-phase anion-omC4P complexes. The zero-point corrected
relative energies are given for each NO3; -omC4P structure. Top row: views along the symmetry
axis of each complex. Bottom row: side views shown with covalent radii and a dashed line to
represent the rim of the binding pocket and visualize the extent of solvent exposure. C = grey, H

= white, N = blue, O =red, Cl = green.
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Table 1. Selected Calculated Properties of Chloride-omC4P and Nitrate-omC4P Complexes.

guestion  NH---ion distance [pm] N-O distance [pm] charge distribution in ion?

ClI- 231 [238]° -0.797 e [-0.839]° (total charge on
CI)
NO;~ 200° [205]° 131 (H-bonded) -0.659 e [-0.628e]° (H-bonded O)
isomer A
1974 [2031° 124 (free) -0.466 e [-0.495¢]° (free O)

NOs~ 200 127 (H-bonded) -0.580 ¢ (H-bonded O)

isomer B

123 (free) -0.444 e (free O)
4 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 NOs3 plane.
4 NH group out of NOs plane.

The different nature of the guest ions in Cl -omC4P and NO3 -omC4P is reflected in clear
differences in the NH stretching region of the IR spectra of the complexes. Figure 3 shows the
experimental and calculated IR photodissociation spectra of nitrogen tagged Cl -omC4P** and
NO3 -omC4P. The shape of the nitrate ion and concomitant shifts in the macrocycle structure
lower the symmetry of the complex from Csy in ClI"-omC4P to Cay in NO3 -omC4P, consistent
with a change in the pattern of the NH stretching modes. As shown in previous work,> the chloride
complex has a feature at 3239 cm!, corresponding to two degenerate NH stretching modes with e
symmetry, while the peak at 3277 cm™' is the signature of a mode with a; symmetry. Missing from
the spectrum is a symmetry-forbidden b1 mode (see Supporting Information for the patterns of

motion in each mode).
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Figure 3. Experimental IR photodissociation spectra (upright) and calculated IR spectra (inverted)
of Cl"-omC4P-N (left, taken from ref. *°) and of NO3 -omC4P-N; (right). The ion is indicated in
each panel and calculated traces are color coded and labeled for each conformer of the nitrate

complex, including their relative energies. See text for description of peak labels.

The symmetry breaking of the anion-omC4P complex upon exchange of chloride with nitrate
transforms the e modes in C1"-omC4P to a h» mode and a b1 mode, lifting their degeneracy. The
experimental spectrum reflects this symmetry lowering, showing three prominent transitions at
3293 cm!, 3314 cm’!, and 3343 cm™! (Figure 3 and Table 2). The experimental pattern fits better
to the calculated spectrum for isomer A than for isomer B. Together with the fact that isomer A is
lower in energy, we therefore attribute the spectrum to isomer A, consistent with NMR and X-ray
crystallography data in organic solvents.*” > Based on the narrow width of the lines in the
experimental spectrum, we judge that only one isomer is present in our experiment. Attributing

the experimental spectrum to isomer A, we can assign the individual transitions in the NH
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stretching region. The peak at 3293 cm™! corresponds to the b» symmetry mode characterized by
the out of phase oscillation of the NH groups coplanar with the NO3™ ion. The feature at 3314 cm’
!'is the signature of the b1 mode, in which the other pair of NH groups oscillate out of phase. The
peak at 3343 cm™ is the radially symmetric, in-phase linear combination of all four NH oscillators,
resulting in a mode with a1 symmetry. The final mode has the same pattern of motion as the
symmetry-forbidden 51 mode in C1"-omC4P, but is now a weakly allowed a; mode (see Supporting
Information). It is calculated to be at 3301 cm’!, between the b> and b; NH stretching features, but
at only ca. 10% of their intensities, and we do not resolve it in the experimental spectrum.

The NH(a1) mode in the nitrate complex is blue shifted by 66 cm™ compared to the equivalent
mode in the chloride complex, and the average of the antisymmetric NH(b2) and NH(b1) features
in NO3 -omC4P is blue shifted from the equivalent NH(e) transition in Cl"-omC4P by 65 cm™,
qualitatively captured by harmonic calculations (see Table 2). This overall blue shift is due to the
difference in proton affinity of the anion and also reflected in binding energy of the anion to
omC4P. Chloride has a higher proton affinity of 1395 kJ/mol*’ and has a binding energy of 2.82
eV!® (calculated 2.37 eV at the present level of theory™), while nitrate has a proton affinity of 1358
kJ/mol*' and calculated binding energy of 2.08 eV. Concomitantly, the weaker interaction of
nitrate with the NH groups leaves the NH stretching modes closer to that of free, neutral omC4P

1

(highest calculated, scaled harmonic value 3454 cm ™, see Supporting Information).
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Table 2. Selected Experimental and Scaled Harmonic Vibrational Frequencies of Chloride-

omC4P>° and Nitrate-omC4P Complexes in cm .

Ion Experimental Harmonic Characterization
ClI 2874, 2899 2873 —2889°  CHj; symmetric stretching
2953, 2970* 2945 -2972°  CH;3 asymmetric stretching
3113 3083 CHpy antisymmetric stretching
3118 3098 CHpy symmetric stretching
3239 (3261)¢ 3239 (3289)°  degenerate NH stretching (e)
3277 (3297)¢ 3283 (3313)°  symmetric NH stretching (a1)
NOsz~ 1303 1269 free N—O symmetric stretching (a1)
1487 1454 free N—O asymmetric stretching (52)
2870, 29152 2873 —2889°  CHj; symmetric stretching
2955, 29712 2946 —2971°  CHj; asymmetric stretching
3113 3083, 3099°¢ CHpy antisymmetric stretching

3293 (3370)¢
3314 (3370)¢
3343 (3430)¢

3301 (3336)°
3322 (3362)°
3351 (3378)°

antisymmetric NH stretching (b2)
antisymmetric NH stretching (b1)

symmetric NH stretching (a1)

2 Peak centroid.

® Range of calculated features with this character.
¢ Experimental features unresolved.

4 Values in parentheses are from FTIR spectra in CD3CN solutions, with the two features
shown in Figure 4 fitted by two Gaussian profiles. The b2 and b; transitions are not resolved in
solution, their average position is reported here instead. 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 (35.688 as implemented in Gaussian 16).
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We assign the remaining features in the mid-IR spectrum of the nitrate complex in analogy to
the case of C1"-omC4P* and consistent with the scaled harmonic calculations shown in Figure 3.
Exchanging CI™ for NO3™ has little effect on the CH stretching features, as expected from the
halide-omC4P series.>> The CH stretching modes of the eight methyl groups are encoded in the
cluster of peaks labeled CH3 in Figure 3 and listed in Table 2 from 2800-3000 cm!. This region is
more complicated and congested than the harmonic calculations predict, most likely due to Fermi
resonances with the overtones and combination bands of the methyl HCH bending modes.** The
congestion makes detailed assignments of the peaks difficult; however, we provisionally assign
the 2870 cm ™! and 2915 cm™! to linear combinations of the local symmetric stretching modes of
the CH3 groups and the peaks at 2955 cm ™! and 2971 cm™! to the linear combinations of asymmetric
stretching modes of these groups. The peak labeled CH,y at 3113 cm! is consistent with the CH
stretching modes of the pyrrole groups in the spectrum of the chloride complex.>?

Just as the presence of the nitrate ion breaks the symmetry of the receptor, the interaction with
the receptor lowers the symmetry of the nitrate ion from Dsn to Cay. As a result, the vibrational
signature of the ion in the receptor is also changed. Bare nitrate has a degenerate (e) antisymmetric
stretching mode, which is observed at ca. 1356 cm! in a Ne matrix.*® Interaction with the receptor
lifts this degeneracy. The resulting lower frequency a1 mode is characterized by a symmetric
stretching motion of the free NO groups out of phase with the stretching motion of the H-bonded
NO group. The higher frequency b> mode corresponds to an antisymmetric stretching motion of
the free NO groups with only weak stretching character in the H-bonded NO group. The
experimental spectrum shows these modes at 1303 cm™ (a1) and 1487 cm™! (b2), respectively. The
symmetric stretching mode is symmetry-forbidden in free NO3™, but is calculated to be at 995 cm™

"and IR allowed in the nitrate-omC4P complex, due to lowering of the local D3, symmetry of the

10
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NOs™ ion to (2, by the presence of the ion receptor, which is also reflected in the charge distribution
inthe NO3™ ion (Table 1). This frequency is outside the range probed experimentally in the present
work, and we only note the calculated frequency for completeness.

The calculated NO stretching frequencies for isomer B are very similar to those for isomer
A, and the corresponding spectral region therefore cannot serve to identify the binding motif.
Interestingly, the lower frequency in isomer B encodes the antisymmetric NO stretching motion
of the two H-bonded NO groups, and the higher frequency component reflects a symmetric
stretching motion of the two H-bonded NO groups, out of phase with the free NO group. In other
words, the two vibrational modes swap their character between the two isomers (See Supporting
Information).

We discuss the other observable transitions in the lower frequency range based on our
identification of isomer A as the only populated structure. A feature at 1590 cm™ is due to two
nearly degenerate, unresolved transitions characterized by NH bending mixed with pyrrole CC
stretching motions. The weak shoulder at 1465 cm™ also has NH bending character, mixed with
HCH bending motions on the CH3 groups. A shoulder on the low frequency side (at 1287 cm™) of
the symmetric NO stretching band mixes NH bending motions with pyrrole CH bending, and a
weak peak at 1240 cm™! combines pyrrole CH bending and methyl wagging.

The interaction with the chemical environment of the complex, in particular with solvents,
changes the binding behavior of a given ion to an ion receptor. Figure 4 shows a comparison of
the spectrum of NO3; -omc4P in vacuo with the spectrum in deuterated acetonitrile solution. The
CH3 stretching features are largely unaffected by the change in chemical environment, and the
frequency position of the CHpy signature remains unshifted as well. However, the NH stretching

features shift to higher frequencies in solution. The NH(b2) and NH(b1) transitions are not clearly

11
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resolved, but interpreting the peak of the broad lower frequency NH stretching feature in the
solution phase spectrum as comparable to the average peak position of the two features in vacuo,
the solvent-induced blue shift is 67 cm™'. Similarly, the NH(a1) peak shifts by 87 cm™. These shifts
are significantly more pronounced than those found in halide-omC4P complexes, where the
average blue shift of the NH(e) and NH(a1) peaks for CI” and Br is 20-23 cm™'. In order to identify
the physical origins for the different shifts, we first turn to modeling solvent effects, using a

polarizable continuum model (PCM).%

While the PCM calculations qualitatively capture the
solvatochromic blue shift for both CI™ and NOs3™ guest ions, they predict very similar magnitudes
of these shifts, despite a much greater solvent exposure of nitrate compared to chloride (see Figure
2). The shifts for CI™ are overestimated, while they are underestimated for NO3;~ (see Table 2).
Interestingly, the structural changes upon solvation of NO3™-omC4P by acetonitrile are calculated
to be smaller than for Cl-omC4P (see Table 1), where the calculated change in the NH-ion
distance is smaller for NO3™ than for C1". An additional effect of the presence of the dielectric is a

change in the charge distribution of the NO3™ ion (Table 1), with the charge on the H-bonded NO

group decreasing in a dielectric medium.

12
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Figure 4. Comparison of experimental IR photodissociation spectrum of NO3 -omC4P (faded line)
with the FTIR spectrum of a 10 mM solution of NO3 -omC4P in CD3CN (thick line). The dashed
lines visualize the blue shift of the NH stretching modes in solution. See Supporting Information

for FTIR data of (CD3)>CO solution.

The discrepancies between the experiment and the PCM results, in particular the
differences between chloride and nitrate complexes, highlight limitations of this computational
model. We note that solvent-induced shifts appear to be smaller for deuterated acetone solutions
than those in acetonitrile (see Supporting Information), qualitatively reflecting the lower dielectric
constant of acetone (20.7), consistent with a significant electrostatic contribution to the observed
blue shift. In principle, PCM calculations should reflect electrostatic effects, at least with a
consistent trend between different guest ions. However, the PCM model does not capture
molecular interactions of the ion and solvent molecules. Given the much greater solvent exposure
of NO3™ in the omC4P complex compared the analogous chloride complex (Figure 2), such
molecular effects may be responsible for the greater experimental shift.*’

In summary, nitrate binds to omC4P through H-bonds between the four NH groups of the

receptor and a single NO group of the guest ion. The geometry of the complex reflects the fact that
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nitrate is not well represented by a point charge, in contrast to halide ions. Binding of a polyatomic
ion results in symmetry breaking of the anion-omC4P complex. The reduced symmetry of Cay for
NO3 -omC4P compared to Csy symmetry in the case of the halide-omC4P complexes is clearly
observed in the change in pattern of the NH stretching signatures, which encode the interaction
between the anion and the omC4P binding site. These features shift to higher frequencies,
consistent with the lower proton affinity of nitrate compared to chloride. Compared to halides,>>
47 the size of nitrate leads to a greater exposure of the guest ion to the chemical environment of the
complex. This is reflected by a pronounced solvent induced shift of the NH stretching features to
higher frequencies, which is on average nearly four times greater than for chloride. The magnitude
of the shift increases with increasing dielectric constant, pointing to electrostatics as a significant
origin of the shift. However, PCM calculations, which should capture the electrostatic
contributions, are inadequate to capture the solvent effects in nitrate-omC4P beyond the most
qualitative level. A quantitative description of solvent effects on the binding geometry and
intermolecular forces, and by extension, of the binding selectivity for different ions in different

solvents, likely requires including molecular interactions with solvent molecules more explicitly.
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