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Interplay between anion—receptor and anion—
solvent interactions in halide receptor complexes
characterized with ultrafast infrared
spectroscopiest
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The competition between host—guest binding and solvent interactions is a crucial factor in determining
the binding affinities and selectivity of molecular receptor species. The interplay between these compet-
ing interactions, however, have been difficult to disentangle. In particular, the development of
molecular-level descriptions of solute—solvent interactions remains a grand experimental challenge.
Herein, we investigate the prototypical halide
complexed with either chloride or bromide anions in both dichloromethane (DCM) and chloroform

receptor meso-octamethylcalix[4]pyrrole (OMCP)

(trichloromethane, TCM) solvent using ultrafast infrared transient absorption and 2D IR spectroscopies.
OMCP-Br~ complexes in both solvents display slower vibrational relaxation dynamics of the OMCP
pyrrole NH stretches, consistent with weaker H-bonding interactions with OMCP compared to chloride
and less efficient intermolecular relaxation to the solvent. Further, OMCP-Br~ complexes show nearly
static spectral diffusion dynamics compared to OMCP-Cl™, indicating larger structural fluctuations occur
within chloride complexes. Importantly, distinct differences in the vibrational spectra and dynamics are
observed between DCM and TCM solutions. The data are consistent with stronger and more
perturbative solvent effects in TCM compared to DCM, despite DCM'’s larger dielectric constant and
smaller reported OMCP-X" binding affinities. These differences are attributed to the presence of weak
H-bond interactions between halides and TCM, in addition to competing interactions from the bulky
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tetrabutylammonium countercation.
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|. Introduction

Anion recognition and receptors play critical roles in biological
signaling pathways," industrial sensing applications,*® and in
synthetic strategies for environmental remediation.”** Anion-
receptor interactions are typically described in terms of electro-
static interactions, such as H-bonding and halogen bonding,
although the importance of nonelectrostatic effects have recently
been raised.”*™® There is continued interest in the supramolecu-
lar chemistry community for the development of novel receptor
complexes with improved anion selectivity, transport, and sensing
properties."””?> Many of these complexes are based on the
calix[4]pyrrole macrocycle due to their ease of synthesis and
chemical modification, leading to, in principle, high tunability
of anion binding affinities and selectivity.”**° Despite many
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The data provide important experimental benchmarks for

quantifying the role of solvent and countercation interactions in anion host—guest complexes.

investigations of calix[4]pyrroles and other macrocyclic anion
receptor systems, which have revealed detailed structural infor-
mation through X-ray crystal structures and binding affinities
through solution-phase NMR and isothermal titration calorimetry
(see ref. 30, the ESI in ref. 31 and ref. 32-33), important questions
still remain regarding the fundamental role of solvent interactions
in anion recognition. Specifically, the competition between
anion-receptor and anion-solvent interactions is a key compo-
nent that dictates binding affinities and selectivity.>*>° The
difficulty in probing first solvation shell interactions in bulk
solution has made the study of solute-solvent interactions chal-
lenging experimentally, preventing more quantitative insights into
anion recognition that can lead to the rational design of improved
receptor systems.

Several recent studies have been conducted on the simplest
calix[4]pyrrole macrocycle, meso-octamethylcalix[4]pyrrole (OMCP,
Fig. 1a), complexed with various anions isolated in the gas phase
to characterize the anion-receptor interactions in the absence of
solvent.*”*! In one study, Terty et al. recorded vibrational spectra
of cryogenically cooled OMCP-X™~ (X = F, Cl, Br) in the pyrrole NH
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Fig. 1 Minimum-energy structures of (a) OMCP, (b) OMCP-Cl™, and (c) OMCP-Br™. Calculated NH---X~ H-bond distances are shown in (b) and (c).

H atoms bound to carbon are omitted for clarity.

stretch region.’® The NH symmetric and antisymmetric stretches
in OMCP-Cl~ were measured to be approximately 20 cm ™" red
shifted compared to those in OMCP-Br ™, consistent with chlor-
ide’s larger binding affinity with OMCP and smaller NH---Cl™
H-bond distance. The vibrational patterns for both complexes and
spectral shifts were well captured by harmonic frequency calcula-
tions. OMCP-F~, on the other hand, did not display obvious NH
stretching modes but rather a congested series of transitions in
the CH stretch region. High-level anharmonic modeling revealed
the presence of significant coupling of the highly red shifted
pyrrole NH stretches with overtones and combination bands
involving NH bending, CH bending, and low-frequency modes
of the macrocycle due to the particularly strong H-bonding
interaction between OMCP and F. In another study, Cao and
Wang reported anion photoelectron spectra of cryogenically
cooled OMCP-X~ (X = F, Cl, Br, I, SCN) complexes.*" In contrast
to the expectation of photoelectron spectra similar to those of the
solvated anions, the spectra were consistent with a charge-
separated OMCP"-X~ species arising from a harpoon-like mecha-
nism. These two recent studies highlight the strong interactions
between OMCP and various anions in the absence of competing
solvent interactions.

Although directly studying solute-solvent interactions and
disentangling first solvation shell interactions from the bulk
solvent background remains quite challenging experimentally,
advanced condensed-phase techniques like ultrafast two-
dimensional infrared (2D IR) spectroscopy offer much promise
for more detailed investigations into solute-solvent effects. 2D
IR enables the acquisition of structural and dynamical informa-
tion that are not easily obtained from linear IR spectra, such as
frequency-frequency correlation dynamics and the presence of
intra- and/or intermolecular coupling and energy transfer
dynamics through the appearance of off-diagonal cross peak
features.””> While rapid advancements in ultrafast IR spectro-
scopies have enabled detailed investigations of ion-water inter-
actions in bulk aqueous solutions,**™** hydration effects in
confined environments,***®*” and anisotropic solvation envir-
onments around biomolecules,*®*° characterizing solvent
interactions around complex molecular species remains far
from general.

Herein, we report ultrafast transient and 2D IR spectra of
OMCP-Cl™ and OMCP-Br~ complexes in the pyrrole NH stretch
region in two different solvents: dichloromethane (DCM,
dielectric constant 8.9) and trichloromethane (TCM,
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chloroform, dielectric constant 4.7). Vibrational lifetimes, fre-
quency correlation dynamics, and computational predictions
employing explicit solvent molecules are used to unravel how
the two solvents influence OMCP-halide binding interactions.
The data are further used to characterize intermolecular vibra-
tional energy relaxation dynamics and coupling between the
OMCP-X~ complexes and the solvent. Importantly, the data
show that solvent dielectric constants and anion binding
affinities are insufficient in describing halide binding with
OMCP and competing solvent interactions in low-dielectric
solvents.

Il. Methods

The ultrafast infrared spectrometer has been described in
detail elsewhere.”® Briefly, the output of a regenerative ampli-
fier (Coherent Astrella, 800 nm, 30 fs, 1 kHz, 3.6 mJ per pulse)
pumped a commercial optical parametric amplifier (light con-
version, TOPAS Prime) to generate tunable near-IR signal (1.3-
1.45 pm) and idler (1.8-2.1 um) pulses. The signal and idler
pulses were combined in a 1 mm thick AgGas, crystal (EKSMA
Optics) in a home-built difference frequency generation setup
resulting in IR pulses tuned to ~3300 cm™'. The pulse band-
width was ~300 cm ™" with pulse width of about 90 fs.

The IR pulse was first sent through a 1 mm wedged CaF,
window to generate a probe pulse from the reflection off the
front face of the window and a reference pulse from the
reflection off the wedged back face. A pump pulse pair was
generated and controlled by a mid-IR AOM Ge pulse shaper
(PhaseTech). The pump and probe pulses were directed and
focused into the sample in the pump-probe geometry. The
probe and reference lines were dispersed by a monochromator
onto a 128 x 128 pixel MCT focal-plane array detector (Phase-
Tech), generating the w; detection (probe) axis. For each w;
probe frequency at a given pump-probe delay time 7,, transient
absorption signal was recorded for pump pulse i as -log|[(S:/R;)/
(Ri+1/Si+1)] where S is the signal monitored by the probe and R
the reference pulse.

Transient absorption spectra were collected with the follow-
ing 7, step sizes: —500 to —250 fs in steps of 50 fs, —200 to
500 fs in steps of 20 fs, 550 fs to 1 ps in steps of 50 fs, and 1.2 to
8 ps in steps of 200 fs. 2D IR spectra were generated by
monitoring the transient absorption signal at each w; pixel as

This journal is © the Owner Societies 2024
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a function of the pump pair delay time 74, the Fourier transform
of which yielded the w, excitation (pump) axis. A 7, step size of
4 fs with a rotating frame of 1600 cm™ ' was used. The 1, free-
induction decay at each w; pixel was first apodized with a
Hanning window and zero-padded to twice the number of
points collected for a line spacing of about 6 cm™ " along ;.
The data were interpolated to a 1 cm™ ' spacing over w; and w;. All
2D IR spectra are normalized to 1 with red features corresponding
to ground-state bleach signals and blue features corresponding to
excited-state absorption signals. The polarization of the probe pulse
was controlled using a CdSe zero-order half-wave plate (Alphalas;
PO-TWP-L2-25-FIR) and ZnSe polarizer (Edmund Optics; model 62-
772). All transient absorption and 2D IR spectra were collected at
magic angle (isotropic) polarization.

In the absence of coupling, a 2D IR spectrum consists of
negative features along the diagonal (excitation frequency w; =
detection frequency ;) corresponding to bleaching of the
fundamental transitions (w,0) measured in the linear spectrum
caused by excitation of ground-state population from the pump
pulse. Each bleach transition is accompanied by a positive
feature due to the probe pulse causing excitation from v = 1
to v = 2 following the pump pulse. These excited-state absorp-
tion features, therefore, appear at the excited-state frequency
(w,1) which, owing to typical anharmonicity in vibrational
potentials, fall to lower energies compared to the fundamental
bleaches. Features appearing off the diagonal, called cross
peaks, indicate the presence of coupling between vibrational
modes and/or energy transfer dynamics between modes.*

OMCP was purchased from Frontier Specialty Chemicals
and used without further purification. The OMCP-CI™ and
OMCP-Br~ complexes were formed by making a 0.1 M OMCP
and 0.5 M tetrabutylammonium chloride solution and a 0.1 M
OMCP and 0.5 M tetrabutylammonium bromide solution in
DCM and TCM. Samples were sandwiched between two 1 mm
CaF, windows using a 300 um Teflon spacer in a home-built
sample cell. Linear IR spectra of the studied samples were
collected on a FTIR spectrometer (Thermo Fisher, Nicolet
Summit X) in absorption mode. The measurements done on
the heated samples were prepared by resting a plastic-enclosed
filled sample cell in an oil bath heated to the reported experi-
mental temperature.

Quantum chemical calculations were performed with
Gaussian09°>' at the B3LYP/6-311++G(d,p) level of theory and
basis set.

[1l. Results and discussion
Linear and 2D IR spectra

Calculated minimum-energy structures of bare OMCP, OMCP-
Cl™, and OMCP-Br~ are presented in Fig. 1 and are consistent
with X-ray crystal structures® and previously reported compu-
tational results.’®>>>* OMCP adopts a 1,3 alternate conforma-
tion with an antiparallel arrangement of the pyrrole NH groups
(Fig. 1a). H-bonding interactions with anions favor a cone
structure with all four NH pyrrole groups binding to the anion
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(Fig. 1b and c), overcoming the OMCP structural deformation
barrier.>> Chloride forms much stronger H-bond interactions with
OMCP compared to bromide, with calculated NH: - X~ distances
of 2.32 A and 2.52 A, respectively. From the gas-phase calculations,
the binding energy of chloride with OMCP is 165 k] mol " while
that for bromide is 133 k] mol~*. In DCM solvent, chloride has a
~30-fold larger binding affinity with OMCP compared to bro-
mide, corresponding to a free energy difference of —8.8 kJ mol ™"
between OMCP-Cl~ and OMCP-Br~.**

Calculations were also performed with two explicit TCM and
DCM solvent molecules, which are presented in Fig. 2. The
presence of the solvent molecules noticeably weakens the
OMCP-X~ H-bond, increasing the NH- - X~ distances to 2.40 A
and 2.39 A for chloride in TCM and DCM, respectively, and to
2.62 A and 2.58 A for bromide in TCM and DCM, respectively.
Additionally, the CH---X~ solvent-halide distances are much
shorter (by ~0.1 A) in TCM compared to DCM and form a
nearly linear interaction in TCM, suggestive of a H-bond-like
interaction between the halides and the weakly acidic CH group
in TCM. These calculations predict, therefore, that TCM inter-
acts more strongly with both halide ions compared to DCM.

FTIR spectra of OMCP-CI~ and OMCP-Br~ in TCM are
presented in Fig. 3a and b, respectively, while those in DCM
are given in Fig. 3c and d, respectively. Spectra of OMCP in the
absence of the halide salts and the solvent backgrounds are
also displayed in each panel of Fig. 3. For the 1,3-alternate
configuration of OMCP, a single dominate NH stretch transi-
tion is predicted for the isolated molecule (Fig. S1, ESI{) and is
consistent with the lone feature observed in solution around
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Fig. 2 Minimum-energy structures of OMCP-X~ with explicit solvent
molecules. (a) OMCP-Cl™ with TCM. (b) OMCP-Br~ with TCM. (c) OMCP-
Cl™ with DCM. (d) OMCP-Br~ with DCM. Calculated NH---X~ distances,
CH-..X™ distances, and CHX™ angles are shown in each panel. H atoms
bound to carbon in OMCP are omitted for clarity.
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Fig. 3 FTIR spectra of 1:5 mixtures of OMCP: X". (@) OMCP-Cl™ in TCM. (b)
OMCP:-Br~ in TCM. (c) OMCP-CL™ in DCM. (d) OMCP-Br~ in DCM. The spectra
of OMCP with no halide salt are shown in gray in each trace. The solvent

backgrounds are shown in blue. Gaussian fits to the OMCP-X~ NH stretches
are colored red (antisymmetric stretch) and orange (symmetric stretch).

3435 cm ™' in both solvents. Upon anion binding, a large red
shift of ~100 cm™" is observed in both complexes due to the
strong H-bonding interactions between OMCP and each halide.
There is also clear asymmetry in the NH absorption feature that
arises from an antisymmetric/symmetric NH stretch pair in the
cone conformation. The results of fitting the NH stretch features
to two Gaussian functions are summarized in Table 1. For
OMCP-CI" the peak fits are nearly identical between DCM and
TCM solutions, consistent with the similar OMCP- - -Cl~ H-bond
distances predicted by the explicit solvent calculations in Fig. 2a.
For OMCP:-Br, on the other hand, both the antisymmetric and
symmetric stretches are ~10 cm ' red shifted in DCM com-
pared to TCM. The antisymmetric NH stretch in OMCP-Br~ in
DCM is also ~10 cm ' narrower compared to that in TCM.
These observations indicate the presence of stronger H-bonding
interactions between OMCP and Br~ in DCM, further corrobor-
ating the explicit solvent calculations in Fig. 2b. This conclusion

Table 1 Frequency and full width at half maximum (FWHM) Gaussian
fitting parameters for the antisymmetric and symmetric OMCP-X~ NH
stretches shown in Fig. 3. All values are in cm™*

Antisymmetric stretch Symmetric stretch

Solvent  Anion  Frequency FWHM Frequency = FWHM
TCM Cl™ 3270 39 3309 37

Br- 3294 45 3325 38
DCM Cl™ 3271 40 3309 31

Br 3282 33 3316 36
21166 | Phys. Chem. Chem. Phys., 2024, 26, 21163-21172
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is also supported by the much smaller uncomplexed OMCP
vibrational signature at 3435 cm ™" in DCM compared to TCM
in solutions with bromide, suggesting that OMCP-Br~ complex
formation is more favorable in DCM. Although more subtle,
there is also a smaller uncomplexed OMCP background for the
chloride solution in DCM compared to that in TCM. There
appears, therefore, to be a surprisingly stronger OMCP- - -X"
binding interaction in DCM, in contrast to reported halide
binding affinities in DCM vs. TCM*>** and expectations based
on the dielectric constants of the two solvents.

2D IR spectra in the OMCP pyrrole NH stretch region at
150 fs pump-probe waiting time for OMCP-C1™ and OMCP-Br™
in TCM are presented in Fig. 4a and b, respectively, while those
in DCM are given in Fig. 4c and d, respectively. Spectra at later
waiting times are provided in Fig. S2 (ESIt). For the OMCP-X~
complexes, strong ground-state bleach features are observed
along the diagonal near (w;, w;) = (3300 cm™ ", 3300 cm ™)
where the NH stretch intensity maxima appear in the linear
absorption spectra for each solution. The excited-state w,,;
absorption features appear at lower probe frequency near
(w1, ®3) = (3350 cm™ ", 3100 cm ') owing to the anharmonicity
of the NH stretch potential energy surface. The overlapping
antisymmetric/symmetric stretch pair result in broadened,
asymmetric 2D lineshapes for both the ground-state bleach
and excited-state absorption features. The broadening of the
bleaches along w; and the excited-state absorptions along w; are
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Fig. 4 Isotropic 2D IR spectra at 150 fs pump—probe waiting time in the
pyrrole NH stretch region. (@) OMCP-Cl™ in TCM. (b) OMCP-Br~ in TCM. (c)
OMCP-Cl” in DCM. (d) OMCP-Br~ in DCM. The FTIR spectra are shown along
the pump and probe axes for comparison. Center line slopes along the NH
stretch ground-state bleaches are represented by the superimposed white lines.
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indicative of underlying cross peaks between the coupled NH
antisymmetric/symmetric stretch pairs. Center line slopes (CLS), a
measurement of the degree of inhomogeneous broadening, are also
shown superimposed over the NH stretch bleach signals in Fig. 4.
The CLS were determined from the first moment of the bleaches in
w; along an ; range of ~3275-3375 cm™ ', All OMCP complexes
display small (<0.3) initial CLS values at the earliest pump-probe
waiting time, indicating minimal inhomogeneous broadening. This
observation is consistent with relatively weak halide-solvent inter-
actions such that small local structural and NH---X~ H-bond
variations are present within the OMCP-X~ complexes.

A weaker third diagonal bleach feature appears near (w4, w3) =
(3400 cm ™', 3400 em ™) in each solution with cross peaks to the
dominant NH stretch bleach signal. This bleach feature falls well
below the NH stretch of uncomplexed OMCP (3435 cm™ ') and
experiments on OMCP solutions without halide salts yielded
insufficient nonlinear signal for the measurement of transient or
2D IR spectra. We would also not expect immediate cross peak
signals between complexed and uncomplexed OMCP at the
earliest pump-probe waiting time. We, therefore, propose that
this higher-energy transition could result from a combination
band between the NH stretches and a low-frequency mode that
involves side-to-side shuttling motion of the bound anions. Such
combination bands were observed by Terry et al. in gas-phase
OMCP-X~ complexes and were accurately predicted by anhar-
monic calculations.*® The position of the combination band
~100 cm ™" higher in energy to the NH symmetric stretch in
the gas phase is consistent with the location of this additional
bleach feature measured in solution. Curiously, there are rela-
tively strong and broad cross peak-like features at (wq, wz) =
(3300 cm ™', ~3500 cm ') in both TCM solutions. There is weak
TCM solvent background that extends into this high-energy
spectral region, suggesting potential coupling between the
OMCP complexes and TCM solvent molecules. We will discuss
this feature in more detail below.

Spectral dynamics

The computational and FTIR spectra presented above point to
stronger OMCP-X" binding interactions in DCM solutions such

View Article Online
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that the competing anion-solvent interactions are weaker in DCM
compared to TCM. To further characterize the interplay between
anion-receptor and anion-solvent interactions, we begin by ana-
lyzing the isotropic transient absorption spectra. The transient IR
spectra of OMCP-Cl™ in TCM is shown in Fig. 5a while that of
OMCP-Br~ in DCM is shown in Fig. 5b. Those for the other two
solutions (OMCP-Cl~ in DCM and OMCP-Br~ in TCM) are pro-
vided in Fig. S3 (ESIT). The decay dynamics of the w,, excited-state
NH stretch transitions, which provide a direct measure of the
1 vibrational lifetime, are shown in Fig. 5c¢ for all four
solutions. Each profile exhibits biexponential decay behavior with
an initial fast sub-120 fs component and a slower 1-4 ps compo-
nent. Although caution must be taken in interpreting the fast
component due to pulse overlap effects, the fast decay timescales
are consistent with rapid intramolecular relaxation dynamics
within the OMCP-X~ complexes due to the strong NH---X~ H-
bonding interactions.”>* The initial NH stretch relaxation com-
ponents are slightly faster for the two DCM solutions, supportive
of stronger OMCP-X~ H-bonding and weaker solvent interactions.
In both solvents, the initial decay component is also faster for the
chloride complexes compared to bromide, again consistent with
stronger H-bonding between OMCP and chloride that leads to
faster intramolecular relaxation.

Clear trends are also observed in the slow decay component.
OMCP-Cl” in TCM displays the fastest vibrational relaxation
time constant of ~1.7 ps, while that for OMCP-Br~ in TCM is
3.8 ps. Both of these relaxation time constants increase in DCM.
The vibrational relaxation of OMCP-Cl™ in DCM slows signifi-
cantly to 2.9 ps while that of OMCP-Br~ slows more modestly to
about 4.0 ps. The large variation in the NH stretch vibrational
lifetime dynamics of the chloride complexes demonstrates sub-
stantially different solvent interactions between the two solu-
tions. We, therefore, interpret the slow relaxation components to
derive largely from intermolecular relaxation of the vibrationally
excited OMCP-X~ complexes to the solvent, which occurs more
efficiently in TCM compared to DCM.

A stark difference between the two transient absorption
spectra shown in Fig. 5 are the long-lived bleach and excited-
state signatures observed in OMCP-Cl™ in TCM that are not
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Isotropic transient absorption spectra of (a) OMCP-Cl™ in TCM and (b) OMCP-Br~ in DCM. (c) Vibrational lifetime decay dynamics measured from

the NH stretch excited-state absorption transitions (integration boxes shown in panels (a) and (b)). Red: OMCP-Cl™ in TCM. Blue: OMCP-Br™ in TCM.
Orange: OMCP-Cl™ in DCM. Purple: OMCP-Br~ in DCM. Time constants from fits to a biexponential decay function (solid lines) are shown inset in (c).

Decay offsets are indicated by the dashed gray lines.
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present in OMCP-Br~ in DCM. This can further be seen by the
large offset in the excited-state absorption decay profile in
Fig. 5c. The excited-state absorption offset is also quite sig-
nificant in OMCP-Br~ in TCM, while the offsets for the two
DCM solutions are smaller but nonzero on an 8 ps timescale.
The decay dynamics of the NH stretch ground-state bleach
features show similar behavior (Fig. S4, ESIt). The appearance
of near-constant background signals at longer waiting times is
reminiscent of the so-called “hot ground state” signatures
observed in aqueous solutions, a nonequilibrium state where
vibrational energy relaxation weakens the water-water and
solute-water H-bonds in an equivalent manner to a thermally
heated solution at equilibrium.”®*” The FTIR spectrum of
OMCP-Cl™ in TCM at 50 °C is given in Fig. S5 (ESI{). Broad-
ening of the NH stretch absorption profile was observed, with
increased absorption at the wings of the transition and
decreased intensity at the center of the transition. This change
in absorption profile matches the positive-negative-positive
profile seen in the late-time transient and 2D IR spectra (note
the additional positive feature near w; = 3350 cm™ ' present in
the two TCM solutions). The observed spectral broadening
likely derives from larger structural variations and H-bond
interaction strengths accessible at higher temperatures. A
similar, but weaker, profile is also observed in OMCP-Cl™ in
DCM (Fig. S3, ESIT) but is largely absent in OMCP-Br~ in DCM.
These observations further corroborate the above interpreta-
tions: stronger interactions between TCM and OMCP-X~ com-
plexes lead to more efficient intermolecular vibrational
relaxation of excited OMCP-X~ complexes into the solvent
resulting in spectroscopic signatures corresponding to a ther-
mally heated sample. That the strength of the hot ground state
signatures are anion dependent indicates that the relaxation
dynamics are driven by anion-solvent interactions rather than
OMCP-solvent interactions.

The dynamics of the weaker 3400 cm ' bleach and
3500 cm ' cross peak features discussed above are provided in
Fig. S4 (ESIf). The 3400 cm " bleaches follow similar dynamic
decay profiles as the NH stretch ground-state bleaches, suggesting
that this additional feature derives from the OMCP-X~ complexes.
Based on the gas-phase spectra reported by Terry et al,*® we
likewise assign this weak feature to a combination band between
the NH stretches and a rattling motion of the bound halide. The
cross peak that appears near w; = 3500 cm ™" in the TCM spectra,
on the other hand, are essentially constant over the 8 ps waiting
time range measured. The appearance of this feature in only TCM
would point to the presence of a solvent-derived background
feature since all other species (OMCP, halides, and tetrabutylam-
monium countercation) are common in the studied solutions. It
seems, therefore, that strong and immediate coupling of the NH
stretches to first shell TCM molecules are present, consistent with
the faster NH stretch vibrational relaxation dynamics and promi-
nent late-time hot ground state signatures in the TCM solutions.
Given the relatively high concentrations required for sufficient
absorption to measure nonlinear IR spectra, an extended solvation
network is not expected (there are about 15 TCM and DCM solvent
molecules per OMCP-X~ complex). With only a few solvation shells
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Fig. 6 Center line slope decay dynamics for OMCP-Cl™ in TCM (red),
OMCP-Br~ in TCM (blue), OMCP-Cl™ in DCM (orange), and OMCP-Br™ in
DCM (purple). Time constants from fits to a monoexponential decay
function (solid lines) are shown inset. Decay offsets are indicated by the
dashed gray lines.

at best, energy dissipation through the “bulk” solvent will be weak,
likely leading to the strong and nearly constant hot ground state
spectra observed in TCM. Nevertheless, the presence of this cross
peak feature undoubtedly demonstrates that strong coupling exist
between OMCP-X" and first shell TCM molecules.

The decay dynamics of the CLS for each solution are
presented in Fig. 6. CLS decay dynamics provide a measure of
the frequency-frequency correlation function, that is, the time-
scale for each oscillator in an inhomogeneous ensemble to
explore all possible frequencies arising from structural and/or
solvent fluctuations (“spectral diffusion”).***%°%5% while the
decay dynamics are similar (~700 fs single exponential)
between the different solutions, the CLS show modest to
minimal decay over the 2 ps measurement range. This observa-
tion indicates that the structural distributions are quite static
and insensitive to solvent fluctuations due to relatively weak
halide-solvent interactions. The exception is OMCP-Cl™ in TCM
which displays the greatest degree of spectral diffusion. OMCP-
Cl™ in DCM displays the next largest extent of CLS decay. The
CLS for OMCP-Br~ in TCM shows an even smaller decay
compared to either chloride solution while that of OMCP-Br—
in DCM is essentially constant. The data imply that the stron-
gest halide-solvent interactions occur in OMCP-ClI” in TCM.
Owing to the stronger receptor---Cl~ H-bonding interactions,
the OMCP-Cl™ structure and, consequently, the pyrrole NH
stretch vibrational frequencies are most sensitive to the com-
peting solvent interactions and fluctuations in the local electric
field®® in the chloride complexes. The structural and NH stretch
frequency distributions of the OMCP-Br~ complexes, on the
other hand, are less sensitive to the solvent fluctuations.

OMCP-halide binding interactions, solvent effects, and ion
pairing

There has been recent discussion over the dominating interac-
tions that contribute to anion-receptor binding. Sengupta et al.
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decomposed receptor-halide binding energies into electrostatic
and nonelectrostatic (induction, dispersion, exchange) contri-
butions for a series of macrocycles.”* While nonelectrostatic
effects were shown to be increasingly important contributors
for more complicated macrocycles, electrostatic interactions
were found to dominate (~95%) for OMCP-Cl~ and OMCP-
Br . These calculations, however, were performed on isolated
gas-phase complexes and did not take into account solvent
effects. In an earlier study, the same authors explored solvent
effects on chloride binding with the near-planar macrocycle
triazolophane.'®> An inverse relationship between anion bind-
ing affinity and the solvent dielectric constant was found,
where electrostatic effects dominate for low-dielectric solvents
like TCM but become less important as the dielectric constant
increases. It was concluded, therefore, that anion binding
affinity increases as the competitive binding effects of the
solvent decreases. A similar relationship was found by Terry
et al., where the dielectric constant for several solvents (TCM,
acetone, acetonitrile, dimethyl sulfoxide, water) were compared
to the pyrrole NH stretch frequencies from polarizable conti-
nuum model (PCM) calculations and solution-phase FTIR
measurements.’” Both the PCM calculations and solution-
phase spectra showed an initial rapid blue shift in the NH
stretch frequencies with increasing dielectric constant, consis-
tent with a weakening of the halide-OMCP binding interactions
with increasingly competitive solvents.

Our measurements, however, show stronger anion-receptor
binding interactions and weaker solvent effects in DCM (dielec-
tric constant 8.9) compared to TCM (dielectric constant 4.7),
which are inconsistent with the electrostatic/dielectric constant
models discussed above. One possible explanation for this
apparent discrepancy is the influence of the bulky tetrabuty-
lammonium countercation. Early studies of OMCP-X~ in DCM
suggested the possible presence of strong n—cation interactions
between alkylammonium cations and the outside “walls” of
OMCP.>* In those studies, it was observed that chloride binding
affinity decreased with increasing bulkiness of the alkylammo-
nium cation in DCM, while a negligible cation dependence was
observed in the similar solvent 1,2-dichloroethane (dielectric
constant 10.4). Moreover, the binding affinity of chloride with
OMCEP in acetonitrile (dielectric constant 37) was reported to be
>10-times larger than in DCM.>* These observations led to the
conclusion that alkylammonium cations significantly hinder
anion binding with OMCP in DCM, either through direct
cation-OMCP interactions and/or cation-anion ion pairing that
lowers the amount of free anions in solution. Although the
binding affinities of halides with OMCP have not been mea-
sured in pure TCM, the binding affinity of chlorideina1:9v:v
mixture of acetonitrile: TCM is even larger than that in pure
acetonitrile.* This suggests relatively strong anion-OMCP
binding is present in TCM solvent, especially when compared
to DCM, which is likewise inconsistent with the IR spectra and
dynamics reported here.

Indeed, questions regarding the interpretation and method-
dependence of anion binding affinity measurements in
calix[4]pyrroles have been raised**>* and have been shown to
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not follow any clear trends with respect to common solvent
properties.”® One possible issue with the determination of
binding affinities is the usual assumption of a single 1:1
receptor: halide equilibrium process. Liu et al, however,
demonstrated that several equilibrium processes are at play,
including ion pairing.® Binding affinities, therefore, appear
not to be a robust metric in understanding fundamental anion-
receptor interactions in solution. Further, given the low dielec-
tric constant of TCM, one would expect even more perturbative
cation effects in TCM compared to DCM. The experimental
studies by Liu et al. on triazolophane-Cl~ discussed above
indicated that ion pairing of the anion-receptor complex with
tetrabutylammonium was the dominant binding configuration
in TCM, while ion pairing decreased significantly in DCM. It
seems more likely, therefore, that cation interactions could be
more adversely influencing OMCP-halide binding in TCM
compared to in DCM, rather than cation effects being signifi-
cant in DCM only.

A second explanation for the observed stronger interactions
between OMCP-X~ and TCM is the presence of H-bond-like
interactions between the CH group of TCM with the halide
ions, which is more acidic than the CH groups in DCM.®"
Analyses of crystal structure packing involving halides®® and
species with electronegative groups® have identified the per-
sistent presence of H-bond-type interactions with the CH
groups of both TCM and DCM solvating molecules. Further,
molecular dynamics simulations of chloride in liquid TCM
predicted a well-organized, tightly-bound first solvation
shell.** The suggestion of relatively strong solute-TCM interac-
tions is supported by the explicit solvent calculations presented
in Fig. 2, where TCM is predicted to form a closer and near-
linear binding interaction with the halides whereas DCM lies
further away with a non-ideal H-bonding angle (~150°). Addi-
tionally, the observation of strong, long-lived hot ground state
signatures in the TCM solutions (Fig. 5 and Fig. S3, ESI}),
similar to transient IR spectra of species dissolved in protic
solvents like water, infers the presence of H-bond-like solute-
solvent interactions between OMCP-X~ complexes and TCM.
Based on current definitions and criteria for H-bonding,®>*°
and the presented computational and experimental data, we
classify the OMCP-X"---TCM interaction as a weak H-bond.
Further, the near-linear OMCP-X"- - 'TCM geometry also corre-
sponds to a near-linear alignment of the TCM dipole moment
with the halides, resulting in an optimal ion-dipole interaction.
On the other hand, the binding geometry of DCM is not only
suboptimal for H-bonding but is also non-ideal for an ion-
dipole interaction. Instead, the dipoles of the DCM molecules
are closer aligned with the overall dipole moment of the OMCP-
X~ complexes. H-bonding, ion-dipole, and dipole-dipole inter-
actions, which depend on the molecular-level solute-solvent
structures, are not captured by PCM of other implicit electro-
static solvation models.

Overall, the differences in the linear IR spectra between the
two solvents are quite subtle (Fig. 3 and Table 1). Transient
absorption and 2D IR spectroscopies, however, were able to
reveal clear trends between the investigated systems. The
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presence of immediate NH stretch to TCM cross peaks and
persistent hot ground state spectra indicate efficient intermolecular
vibrational energy transfer between OMCP-X and TCM via a
solute-solvent H-bond interaction. The shorter vibrational lifetimes
of the OMCP pyrrole NH stretches and greater degree of structural
fluctuations in TCM are further supportive of stronger OMCP-X"
interactions with TCM solvent compared to DCM. While we do not
see any direct evidence of tetrabutylammonium cation effects, the
fact that ion pairing of anion receptors with alkylammonium
cations have been demonstrated even at low concentrations in
low-dielectric solvents suggests that ion pairing interactions are
likely present in the current studies. We conclude, therefore, that
the deviation of the observed spectroscopic and dynamical proper-
ties of OMCP-X~ in DCM vs. TCM from electrostatic solvation
models arise from a combination of H-bonding interactions
between the halide ions and the solvent CH groups and perturba-
tions due to direct interactions between OCMP with the bulky
alkylammonium cations, both of which are stronger in TCM.

V. Conclusions

The interplay between halide-receptor and halide-solvent inter-
actions in the prototypical calix[4]pyrrole anion receptor OMCP
were characterized in TCM and DCM solutions using transient
and 2D IR spectroscopies. The IR spectra and dynamics are
consistent with greater perturbative effects on halide-receptor
binding in TCM solvent compared to in DCM. This was evi-
denced spectrally by a larger ratio of anion-bound OMCP to
uncomplexed OMCP in the linear IR spectra in DCM solvent, a
strong off-diagonal cross peak signature between the pyrrole NH
stretches and TCM solvent background in the 2D IR spectra, and
a prominent late-time constant transient absorption background
signal indicative of efficient intermolecular relaxation to TCM.
Vibrational dynamics measurements revealed faster pyrrole NH
stretch lifetime relaxation and a larger extent of structural
fluctuations in TCM. Vibrational dynamics were slower in
OMCP-Br~ complexes owing to the weaker H-bonding interac-
tions compared to OMCP-CI". The conclusion that TCM more
strongly interacts with OMCP-X~ complexes and offers more
competitive binding with halides cannot readily be drawn from
the linear IR spectra alone, highlighting the importance of
vibrational dynamics measurements in the disentanglement of
anion-receptor and solvent interactions. While more advanced
theoretical modeling is beyond the scope of the present study,
our experimental data provide important benchmarks for the
development of improved anion-receptor binding models that
include explicit solvent and countercation molecules that more
accurately and holistically take into account the microscopic
structures at play within anion-receptor systems.

Data availability

Cartesian coordinates for all calculated optimized structures
are provided in the ESI.f Raw transient and 2D IR data will be
made available by the authors upon reasonable request.
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