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Abstract: Halogen bonded complexes are often designed by
consideration of electrostatic potential (ESP) predictions. ESP
predictions do not capture the myriad variables associated with
halogen bond (XB) donors and acceptors; thus, binding interaction
cannot be quantitatively predicted. Here, a discrepancy between
predictions based on ESP energy difference (AVs) and computed gas
phase binding energy (AEun) motivated the experimental
determination of the relative strength of halogen bonding interactions
in solution by Raman spectroscopic observation of complexes formed
from interacting five iodobenzene-derived XB donors and four pyridine
XB acceptors. Evaluation of AE,q coupled with absolutely-localized
molecular orbital energy decomposition analysis (ALMO-EDA)
deconvolutes halogen bonding energy contributions and reveals a
prominent role for charge transfer (CT) interactions. Raman spectra
reveal AEpns accurately predicts stronger interactions within
iodopentafluorobenzene (IPFB) complexes than with 1-iodo-3,5-
dinitrobenzene (IDNB) complexes even though IPFB has similar
electrostatics to IDNB and contains a smaller o-hole.

Introduction

The implementation of non-covalent interactions, such as
hydrogen bonding, into supramolecular complex design in
chemistry and biology is an attractive approach for molecular
recognition.*1 Toward this pursuit, various avenues are being
investigated to establish robust strategies that can encompass a
wide variety of molecular design processes. Halogen bonding, a
directional non-covalent interaction between a halogen atom (X)
and a Lewis base (LB),*=7 has been observed to facilitate strong
and directional interactions in the solid state, solution, and gas
phase and is well described with computational modeling.[®
Formation of these types of interactions is associated with a o-
hole,[®%19 a region of electropositive potential located on the
halogen atom along the axis of the covalent bond, that allows
halogens to act as electron pair acceptors upon interaction with a
LB.® The strength of halogen bonding interactions and extent to
which the o-hole magnitude increases relate to the polarizability
of halogen atoms following the order of F < Cl < Br < L. |odine,
the most polarizable in the series, develops larger o-holes which
can lead to stronger interactions upon complexation.[*1:12

Since the discovery of halogen bonding, researchers have
been exploring the ways in which halogen bonds (XBs) are

affected by substituents in both aromaticl*® and non-aromatic
systems, designing halogen bond donor/acceptor complexes and
employing computational methods that can predict halogen
bonding interactions and their strengths.*'4 Commonly evaluated
concepts pertaining to the driving forces for halogen bonding
interactions are polarizability, dispersion, charge transfer, and
electrostatics, which are accessible from computational
methods.['®  Design strategies for non-covalent complex
formation frequently utilize electrostatic potential (ESP)!*-18 maps
of both the donor and acceptor as a way to predict interaction
propensities thus enabling correlations to interaction strengths to
be made.['%°l ESP maps are used as quantitative representations
of charge distribution characterized by maximum electrostatic
potential (Vsmax) and minimum electrostatic potential (Vg min)
values;[1620.21v/ .. and Vs min are relevant to the magnitude of the
o-hole and lone pairs, respectively.

Many studies have reported taking advantage of ESP maps
as a predictive tool for the design of solid-state supramolecular
assemblies.t6-1922231 |n  cases involving halogen bonding
between aromatic partners,?324 the approach for selecting XB
donors and acceptors relies on electron withdrawing or donating
substituents that activate the interacting sites involved.['82224 The
best donors contain large positive Vsmax Values and the best
acceptors have large negative Vsmin values. Though the use of
ESP maps to predict interactions in the solid state is
common,*63] sych interactions are perturbed by competition
among hierarchies of intermolecular forces? that facilitate
assembly within a crystal lattice making direct correlations
tenuous. To overcome this challenge, we have set out to
investigate solution phase halogen bonding to evaluate the use of
theoretical gas phase binding energies (AEping)?® to predict
favorable halogen bonding propensities.?’-2°1 AEp,q are then
compared with predictions from ESP maps, as a predictor of
halogen bonding propensities in solution. Five iodinated XB
donors with various extents of electronic activation and four
nitrogen heterocyclic XB acceptors are experimentally assessed
via Raman spectroscopy to analyze interaction propensity.

Results and Discussion
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Figure 1. ESP maps of iodinated halogen bond donors and pyridine derived acceptors to visualize Vs max (blue) and Vs min (red) regions in kcal mol* at

the B3LYP/6-311G** level of theory.

Electronic effects on XB strength

ESP maps were used to choose complementary XB donor and
acceptor pairs in Figure 1. The values associated with the most
positive and negative electrostatic potentials, on the ESP maps
(0.002 e/au isosurface) for a given XB donor and acceptor, are
Vs max and Vs min, respectively.?% Electron withdrawing substituents
(fluoro and nitro) influence the strength of XB donors through the
activation of the o-hole.?7?830 The o-hole magnitude of the
iodobenzenes increases in the order iodobenzene (IB) < 2,6-
difluoroiodobenzene (DFIB) < p-nitroiodobenzene (p-NIB), <
iodopentafluorobenzene (IPFB) < 1-iodo-3,5-dinitrobenzene
(IDNB). Vs max Values range between positive ESPs of 21.8 kcal
mol?, for the smallest o-hole containing molecule (IB), and 39.7
kcal mol* for the largest (IDNB). Vs min Values for the XB acceptors
increase as acceptor strengths of the nitrogen atom lone pairs
increase. XB acceptor strengths increase following the trend: 3-
nitropyridine (3-NPy) < 3-fluoropyridine (3-FPy) < pyridine (PY) <
4-dimethylaminopyridine (DMAP). Negative Vsmin values (-34.3
kcal mol* for the weakest acceptor 3-NPy) to -52.8 kcal mol* (for
the strongest acceptor DMAP) are calculated.Table 1 lists all XB
donors and acceptors with corresponding Vs max and Vg min Values .

Table 1. Electrostatic potential values for the XB donors and acceptors
in kcal mol? calculated at B3LYP/6-311G** level.

XB Donors Vs max XB Acceptor Vs min
1B 21.8 3-NPy -34.3
DFIB 29.4 3-FPy -41.0
p-NIB 32.6 PY -43.9
IPFB 39.0 DMAP -52.8
IDNB 39.7

The Vsmin Value from an interacting acceptor was subtracted
from the Vsmax value from a donor to produce an electrostatic
potential energy difference value (AVs). It has been hypothesized
that the energy difference (AVs= Vs max - Vsmin) between a donor
and acceptor pair suggests how strongly a donor would interact
with an acceptor.l® Table 2 shows that when the difference

between Vs max and Vs min Of all XB donors and acceptors is applied,
the AV; values of the 20 complexes suggest an increase in
halogen bonding propensities as AVs increases positively from
56.1 kcal mol* for IB/3-NPy to 92.5 kcal mol™* for IDNB/DMAP.
IDNB is the largest o-hole containing XB donor of the series with
the greatest AV energy difference and is predicted, based on the
AVs values, to have the strongest interactions with all the
acceptors. Note, IPFB follows closely behind IDNB having AV
energy difference values between donor and acceptor pairs less
than 1 kcal mol* weaker.

Table 2. AVsvalues of all 20-halogen bond donor/acceptor complexes in kcal
mol* calculated at B3LYP/6-311G** level.

XB Donors
XB Acceptors 1B DFIB p-NIB IPFB IDNB
3-NPy 56.1 63.7 66.9 73.3 74.0
3-FPy 62.8 70.4 73.6 80.0 80.7
PY 65.7 73.3 76.5 82.9 83.6
DMAP 74.6 82.2 85.4 91.8 92.5

Though ESPs have been demonstrated as a way to predict
bonding preferences,*”:?2271 there are a multitude of energy
factors aside from electrostatics®!! that influence binding affinities
of XB donor/acceptor pairs that are not taken into account.[3233l
As a means of considering the energy factors that contribute to
halogen bonding interactions as a whole, theoretical binding
energy (AEpina = Ecompiex - (Exs donor + Exs acceptor)), Which
encompasses the total energy of each XB donor, acceptor, and
complex, was explored (Table S1 in Supporting Information for
listing of total energies). Calculated AEping values for the selected
XB donor/acceptor complexes are shown in Table 3.
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Table 3. Theoretical binding energies (AEbing) of all XB donor/acceptor
complexes in kcal mol* calculated at B3LYP/6-311G** level.

XB Donors
XB Acceptors 1B DFIB p-NIB IPFB IDNB
3-NPy -2.53 -4.16 -3.48 -5.26 -4.37
3-FPy -2.95 -4.73 -4.26 -6.20 -5.34
PY -3.31 -5.17 -4.81 -7.00 -6.09
DMAP -3.97 -6.27 -5.93 -8.77 -7.86

Application of AEuing to the halogen bonded donor/acceptor
complexes led to the evaluation of halogen bonding interaction
trends affected not only by electrostatics, but also additional
energy terms. AEuing values were plotted against XB acceptor
strengths, represented by Vsmin Values, and a linear correlation
was found (Figure 2) suggesting that binding energies for a given
halogen bond donor/acceptor complex are well predicted by
acceptor strength. By contrast donor strengths correlate to
binding energies but are considerably weaker than the acceptor
strengths (Figure S3 in Supporting Information). Figure 2
illustrates that as negative Vsmin values increase following the
trend 3-NPy < 3-FPy < PY < DMAP, there is an increase in the
negative AEping values (i.e. binding affinity) within the XB
donor/acceptor complexes. DMAP, with a Vs min = -52.8 kcal mol
1, is a better XB acceptor for all XB donors than PY (Vsmin= -43.9
kcal molt), which out-competes 3-FPy (Vsmin = -41.0 kcal mol?)
and 3-NPy (Vs min =-34.3 kcal mol?), and thus forms the strongest
XB donors/acceptor complexes.
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Figure 2. Graph representing the correlation between AEbing and XB
acceptor strength (Vs min, kcal mol?).

With respect to the chosen basis set, the B3LYP functional
can underestimate forces contributing to association* thus a D3
dispersion correction was also examined (see Table S2 in
Supporting Information). B3LYP-D3 calculations show that while
the trends in binding energies are the same as B3LYP, the binding
energies of the complexes are more attractive in nature (average
= 258 * 0.26 kcal mol?!) with shorter interaction distances
(average = 0.04 + 0.02 A) than in B3LYP (Table S4 in Supporting
Information). Additionally, AEying calculations were undertaken in
the solvent models dichloromethane (DCM) to compare
interaction stability. For the DCM solvent model (Table S3), all XB
donor/acceptor complexes are found to have binding energies
that are less attractive (average = 1.17 + 0.56 kcal mol!) though
with shorter interaction distances (average = 0.05 = 0.03 A) than
those shown in the Table 3 (S4 in Supporting Information). The
tendency for halogen bonded complexes to have shorter
interaction distances in solvent models has been previously
reported.

AEying is a property assigned to a halogen bonding complex
and not just the single XB donor or acceptor molecules and
therefore consideration was given to the electrostatic potential
equivalent, AVs, for insight into predicting halogen bonding

WILEY-VCH

interaction trends. When AEng values were plotted against AV
values (Figure 3), an increase in the strength of the XB donor
results in steeper slopes (m) denoting favorable complexation
(e.g., IB/acceptor complex (m = -0.080) < DFIB/acceptor complex
(m = -0.116) < p-NIB/acceptor complex (m = -0.134) <
IDNB/acceptor complex ( m = -0.192) < IPFB/acceptor complex
(m = -0.194)). The parallel slopes of DFIB and p-NIB/acceptor
complexes as well as IDNB and IPFB/acceptor complexes reflect
a similar sensitivity within the pairs toward XB acceptors. However,
the different slopes evident in Figure 3 suggest that there are
energy terms in AEpns missing from AVs predictions that
differentially affect the complexes containing fluorinated and
nitrated XB donors.
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Figure 3. Graph representing the correlation between AEbing and AVs in

kcal mol™.

ESP predictions, specifically for IPFB and IDNB/acceptor
complexes, show that electrostatics alone do not fully describe
binding energy trends thus motivating a more thorough analysis
of unaccounted for energy terms that can be derived by
deconvoluting total energy. The total intermolecular interaction
energies for the IPFB/acceptor complexes and IDNB/acceptor
complexes were partitioned by absolutely-localized molecular
orbital energy decomposition analysis (ALMO-EDA) using the Q-
Chem 5.3.2 software packagel®* into terms as shown in eqgn (1):

AE = AErrz + AEpoL + AEcT (1)

The frozen (FRZ) term is defined as the change in energy from
bringing together two fragments that are far apart without allowing
any molecular orbital (MO) relaxation and can be further broken
down into electrostatics (ELEC), Pauli repulsion (PAULI), and
dispersion (DISP) energies (eqn (2)):

AEprz = (AEeLec + AEpauui) + AEpisp (2)

The polarization term is described as the intrafragment relaxation
of the frozen occupied MOs of each fragment. The charge transfer
(CT) term is derived from further interfragment relaxation of the
frozen occupied MOs of each fragment.

In assessing the values of the ALMO-EDA terms, initial focus
was placed on evaluating the frozen terms because these do not
include fragment relaxation and encompass electrostatic effects.
Table 4 shows that both IPFB and IDNB/acceptor complexes
have comparable electrostatic/Pauli repulsion (computed as a
combined ELEC+PAULI) terms for a given acceptor and are
repulsive overall. The greater repulsion observed with better
acceptors is consistent with their closer interactions (Table S4 in
Supporting Information) and a dominance of the Pauli repulsion
term. The dispersion terms in IPFB and IDNB/acceptor
complexes are very similar to one another and are attractive
(negative values) for a given acceptor.
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Table 4. Deconvoluted frozen (FRZ) term (AErrz = (AEeiec + AEpau) +
AEpisp) in kcal mol * as dispersion (DISP), electrostatics (ELEC), and Pauli
repulsion (PAULI) energies in ALMO-EDA for IPFB/acceptor complexes and
IDNB/acceptor complexes

ESnor/Acceptor ELEC+PAULI DISP AEFrz
Complex

IPFB/3-NPy 0.69 -0.83 -0.14
IPFB/3-FPy 1.21 -1.00 0.21
IPFB/PY 2.11 -1.19 0.92
IPFB/DMAP 3.32 -1.46 1.86
IDNB/3-NPy 1.09 -0.76 0.33
IDNB/3-FPy 1.06 -0.86 0.20
IDNB/PY 1.51 -1.00 0.51
IDNB/DMAP 2.64 -1.28 1.36

Including intrafragment (polarization) and interfragment
(charge transfer) relaxation in the ALMO-EDA results gives the
full picture of the energy terms influencing halogen bonding
strength (Table 5, Table S5 in Supporting Information for
Cartesian coordinates). |IPFB/acceptor complexes show a
significantly larger charge transfer contribution, relative to the total
interaction energy, than IDNB/acceptor complexes which counter
the trends from the frozen terms. This finding echoes the results
on iodomethane derivatives.’1 The implication of larger CT in
IPFB than IDNB/acceptor complexes, which is reflected in the
theoretical binding energies, is indicative of greater dimer
stabilization (C-I---N), more so in IPFB/acceptor complexes than
IDNB/acceptor complexes. The polarization terms, while not as
prominent as CT in either IPFB or IDNB/acceptor complexes, are
also attractive in nature and contribute to complex stability.

Table 5. Summary of interaction energies (AE = AErrz + AEpoL + AEct) in
kcal mol * deconvoluted into 3 energy terms (frozen (FRZ), polarization
(POL), and charge transfer (CT)) in ALMO-EDA from Q-Chem 5.3.2 for
IPFB/acceptor complexes and IDNB/acceptor complexes.

XB donor/acceptor complex FRZ POL CT AE

IPFB/3-NPy -0.14 -1.06 -4.06 -5.26
IPFB/3-FPy 0.21 -1.51 -4.97 -6.27
IPFB/PY 0.92 -2.02 -6.02 -7.12
IPFB/DMAP 1.86 -3.13 -7.84 -9.11
IDNB/3-NPy 0.33 -0.98 -3.67 -4.32
IDNB/3-FPy 0.20 -1.32 -4.31 -5.43
IDNB/PY 0.51 -1.68 -5.05 -6.22
IDNB/DMAP 1.36 -2.69 -6.66 -7.99

Observation of halogen bonding in solution

While general agreement is found between the gas phase
AEping and AV for halogen bonding predictions, the discrepancy
in ordering the relative binding strengths of XB donor/acceptor

4
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complexes featuring XB donors with fluoro and nitro substituents,
motivated comparison to experimental results for halogen
bonding interactions. All XB donor and acceptor pairs were
analyzed via Raman spectroscopy in order to assess halogen
bonding interaction trends between and perturbations within the
molecules. Raman spectroscopy was employed for analysis of
halogen bonding in solution studies due to detection sensitivity
toward the formation of halogen bonded complexes. Red shifted
C-l vibrational frequencies (v) of XB donors, denoting XB complex
formation, were analyzed. The compilation of C-I stretching
frequencies are shown for each XB donor and complex (if
detected) in Table 6.

Table 6. C-I stretching vibrational frequency (v) in cm™ of each unbound
XB donor and each complex observed in CH2Cl.

XB donors and XB Complexes C-l Raman Shift (cm™)

B 266.0
p-NIB 213.6
DFIB 218.7
DFIB/DMAP 21171
IPFB 204.0
IPFB/3-FPy 197.2 @
IPEB/PY 194.64
IPFB/DMAP 190.08
IDNB 241.9
IDNB/DMAP 233.41

1 Red shifted peaks of formed complexes.
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Figure 5a-c. Raman spectra of unbound IPFB and 2:3, 1:1, and 2:1 molar ratios of a. IPFB/3-FPy solutions, b. IPFB/PY, and c. IPFB/DMAP solutions.

For each Raman experiment, the C-| stretching vibrational
frequencies of unbound 1.00 mol/kg (molal) solutions of the XB
donors (except 0.220 mol/kg p-NIB due to limited solubility) were
examined as reference points to evaluate the magnitude of
potential red shifting in C-I stretches due to interactions with XB
acceptors. Upon the addition of the XB acceptors (0.500 equiv,
1.00 equiv, and 1.50 equiv), the extent to which halogen bonding
interactions were taking place, through the observation of newly
formed, red shifted C-lI peaks signifying complexation (iodine
interacting with pyridyl nitrogen: C-1---N), was evaluated. Raman
spectra for 1B, p-NIB, and DFIB/acceptor mixtures were predicted
to form weak XB donor/acceptor interactions by both computed
AVs and AEping. The XB donor/acceptor mixtures contained only
the C-I stretching vibrational frequency of unbound IB at v = 266.0
cm?, unbound p- NIB at v = 213.6 cm™, and unbound DFIB at v =
218.7 cm (with the exception of DFIB/DMAP mixtures shown in
Figure S1 in Supporting Information).

In contrast to a purely electrostatic model based on AVs,
AEping predicts that IPFB binds more strongly with XB acceptors
than IDNB. Interactions between IPFB/acceptors (3-NPy, 3-FPy,
PY, and DMAP) were evaluated and the following observed:
complex formation, denoted by a red shift in newly formed C-I
peak compared to that of unbound IPFB at v = 190.0 cm™, was
observed in all XB acceptor concentrations except with 3-NPy (the
weakest Lewis base). Figure 5a with IPFB/3-FPy mixtures
illustrates the presence of the C-I---N interaction from new, red
shifted C-l vibrational stretching frequency at v = 197.2 cm?,
which is consistent with the AEy,q predictions for the IPFB/3-FPy
complexes. IPFB/PY complexes with C-I stretches at v = 194.6
cm (Figure 5b) and IPFB/DMAP complexes with C-I stretches at
v = 190.0 cm? (Figure 5c) show distinct peak formation
consistent with stronger halogen bonding interactions than 3-FPy
complexes. The more intense red shifted peak formation within
IPFB/DMAP complexes was found as the molar ratio of DMAP
increased. This correlates back to the strength of DMAP as a
good XB acceptor from the predictions of both AEping and AVs
computed calculations.

The experimental outcome of the interactions between
IDNB/acceptors was not predicted by the ESPs. IDNB, in
comparison to the other XB donors, has the largest o-hole region
and Vs max value which suggests the most favorable interactions
to occur with the addition of a XB acceptor (large computed AVy).
Therefore, the formation of new red-shifted C-l stretches were
expected to be observed in all IDNB/acceptor solution
experiments. However, analysis of the Raman spectra yielded
only one successful complexation experiment (IDNB/DMAP) with
a red shifted peak at v = 233.4 cm® (Figure 6) and 241.9 cm™* for
unbound IDNB.

——2:3 IDNB/DMAP mixture
1:1 IDNB/DMAP mixture
——2:1 IDNB/DMAP mixture
—— unbound IDNB
DCM

225 230 235 240 245 250 255 260
Raman Shift (cm-1)

Figure 6. Raman spectra of unbound IDNB and 2:3, 1:1, and 2:1 molar
ratios of IDNB/DMAP solutions.
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Raman spectra of IPFB/acceptor complexes and
IDNB/acceptor complexes were compared to resolve which
predictions (i.e. AEping Or AVs) more accurately suggest the orders
and strengths of halogen bonding propensities. Note, AEping are
directly related to the observed red shifts in the Raman spectra
(Figure S2 in Supporting Information), where the relationship
between the two is as follows: with strong binding affinity there is
also a large shift in the C-| stretch from the unbound to the bound
halogen bond donor. Raman spectra reveal AEyng does reflect the
distinct interaction strength hierarchy between IPFB/acceptor
complexes and IDNB/acceptor complexes exhibited in the Raman
spectra. Notably, the computed C-I---N interaction distances in
IPFB and IDNB/acceptor complexes are consistent with the
theoretical binding energy predictions (see Figure S4 in
Supporting Information) rather than ESP predictions. Additionally,
relative areas of the bound and unbound states were used to
estimate AG values for the observed complexes (see Table S6 in
Supporting Information). The relative concentration of the bound
states for each observed complex was found to increase with
increasing acceptor strengths (AG values become more negative)
across a particular XB donor/acceptor complex. Overall, IPFB is
proven, experimentally and in agreement with AEging predictions,
to be the stronger interacting XB donor despite having a
somewhat smaller o-hole magnitude than IDNB. The origin of this
is contributed to a greater degree of CT within IPFB/acceptor
complexes than IDNB/acceptor complexes.

Conclusion

The most common method for predicting halogen
bonding propensities, electrostatic potential calculations,
fails to reproduce theoretical or experimental binding
properties for highly activated halogen bond donors. Raman
spectroscopy was employed to observe both the extent of C-
| vibrational frequency shifts in solution of XB donor when a
XB acceptor solution was added and to evaluate the
population of the bound state relative to the ranking of
interaction strengths. These studies unambiguously
demonstrate that a model based on the electrostatics of the
uncomplexed donor has limited predictive ability even in a
relative sense. IPFB and IDNB/complexes containing the
most powerful acceptors were further evaluated using
ALMO-EDA revealing that, although larger o-holes are
generally indicative of stronger binding affinity, partitioning
into charge transfer, frozen, and polarization terms points to
significant charge transfer interactions in differentiating
binding strength. The findings inform broad applications in
the fields of chemistry, crystal engineering, and molecular
recognition because reliable methods to predict strong non-
covalent interactions in solid, solution, and gas phases are
essential for populating the supramolecular design toolbox.

Experimental Section

General

WILEY-VCH

Density functional theory (DFT) and electrostatic potential maps (mapped
on 0.002 e/au electron density contour) were calculated at the B3LYP level
of theory and 6-311G** basis set with Spartan '16 software (Wavefunction
Inc., Irvine, CA). Energies in the gas phase (B3LYP-D3/6-311G**) and
solution phase with the Conductor like Polarizable Continuum Model (C-
PCM) in DCM (dielectric constant = 8.93) at B3LYP/6-311G** were
calculated with Spartan '18 software. Starting geometrics were set to
mimic halogen bonding interactions found in the CSD (Cambridge
Structural Database), where all interactions were built to interact at a ~180°
bond angle for C-I--:N interactions with energy minimization. The
achievement of minimum energy geometry was confirmed by the absence
of imaginary frequencies. Single point energy and second generation
ALMO-EDA calculations were performed at the B3LYP/6-311G** level of
theory using the Q-Chem 5.3.2 software package for
iodopentafluorobenzene and 1-iodo-3,5-dinitrobenzene/acceptor
complexes. All reagents were commercially available, purchased, and
used without any additional purification. Raman spectra were recorded at
room temperature using a Renishaw inVia Qontor Raman Microscope
(Laser A=532 nm) featuring a Leica microscope, 1800 lines/mm gratings,
a CCD area detector, and 50 pym slit size. Using WIRE 3.4 software
package (Renishaw) and a silicon internal standard for calibration, spectra
for the XB solution experiments were collected via 50 increments of scans
at 0.5 secs per scan in static mode, with a range of 120-820 reciprocal
wavelength (cm™). The chemical shifts are given in cm™, the signal of the
dissolved halogen bond donors’ C-I vibrational frequency shifts (at v=190-
266 cm) have been used as reference signals.

Experimental Setup

Stock solutions of 5.00 mL of 1.00 mol/kg XB donors (~0.220 mol/kg p-NIB
due to low solubility) were made, in dry solvent DCM, in tared 20 mL vials
by converting the molecular weight (g mol?) of each XB donor to moles
(mol) then dividing it by kilograms (kg) of solvent DCM. DCM was selected
as the solvent for Raman solution studies because it dissolves the XB
donors and acceptors without contributing peaks that overlap with those of
interest in the XB donor/acceptor complexes. The XB acceptor stock
solution concentrations were made from the serial dilution of 5.00 mL of
1.50 mol/kg. Solutions at 1.00 mol/kg were achieved by aliquoting 1.90 mL
of the 1.50 mol/kg stock solution into a 10 mL graduated cylinder and
diluting it with DCM to a final volume of 3.00 mL then pipetted into a 4 mL
vial. Solutions at 0.500 mol/kg were achieved by aliquoting 1.00 mL of the
1.00 mol/kg stock solution into a graduated cylinder and diluting it with
DCM to a final volume of 2.00 mL then pipetted into a 4 mL vial. Each
donor solution (200 pL) and acceptor solution (200 pL), 1:1 by volume,
were added to a clean 4 mL vial then placed on the stage of the Raman
microscope and data collected with a 5x objective lens.
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Strongly activated halogen bond donors give rise to observable bound and unbound states in Raman spectroscopy when paired with
good halogen bond acceptors. The two strongest halogen bond donors examined have almost identical electrostatic potentials, but
differ vastly in theoretical binding affinity and experimental halogen bonding strength. The energy terms giving rise to this behavior are
elucidated by energy decomposition analysis.
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