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ABSTRACT: Overhauser dynamic nuclear polarization (OE-DNP) is
capable of enhancing solution *C NMR signals of analytes by 1—2 orders
of magnitude through spin polarization transfer from paramagnetic polarizing
agents, usually nitroxide radicals, at magnetic fields relevant for high- .
resolution NMR spectroscopy (29 T). While some halogen atoms have been

revealed to mediate OE-DNP on adjacent '>C, methods of promoting OE- C f
DNP through halogen bond (XB) design were not well-understood. Here we ,,—g?'—‘;_

94T 4 ‘Y &('3C)) increases
g by 10-fold

-l ke

investigate OE-DNP of selected halogenated compounds by tuning their XB - s
strengths to the nitroxide radicals through molecular design. Up to 10-fold Overhauser DNP
boosts in OE-DNP enhancements were achieved by increasing the analyte XB mediated by halogen bond
donor strength in selected iodinated and brominated derivatives.
Furthermore, we observed strong correlation between OE-DNP performance
and XB properties for compounds sharing similar XB binding sites. Our results suggest new possibilities for designing hyperpolarized
probes and labels for biosensors and the study of biomolecular processes.

“

High-resolution NMR spectroscopy is an indispensable irradiation of its solution doped with paramagnetic molecules
analytical method for molecular structure elucidation, known as polarizing agents, the electronic spin transition of
quantification, and studying of host—guest interactions. which is saturated. OE-DNP is induced by molecular motions
Particularly, '*C-detected NMR plays an invaluable role in that are ubiquitously present in solution, thus having a
probing the chemical environments of organic molecules.' potentially unlimited substrate scope. It further permits
However, due to low gyromagnetic ratio and natural continuous analyte hyperpolarization, allowing direct transfer
abundance of the NMR-active isotope, C NMR often of existing NMR methodologies.'*'> However, to date, the
encounters sensitivity issues, especially in two- and multi- application of OE-DNP is still in its infancy, especially when
dimensional correlation experiments, where large sample related to hyperpolarized molecular probes. While recent
amounts, prolonged experiment times, or expensive isotopic instrument development by the authors and co-workers
labeling is required. One way of boosting NMR sensitivity is provides the hardware basis for OE-DNP with resolution
through hyperpolarization, whereby the NMR signal intensity approaching that of conventional NMR, " there is still a lack of
is increased by shifting the nuclear polarization out of thermal quantitative information on systems possessing strong

equilibrium.z_4 Besides reduction in experiment time, hyper-
polarization further enables analysis of systems that are
otherwise challenging to study by conventional NMR.
Methods such as dissolution dynamic nuclear polarization

(dDNP) have enabled fast characterization of protein—ligand molecules, especially those with heavier halogens, have
.9 . . . 5,6 ) 4
binding dynamics through the use of hyperpolarized ligands. produced the largest *C Overhauser DNP enhancements,

In vivo metabolic '>C imaging has been achieved by using (13C). At 3.4 T, up to ~1000-fold enhancement has been
hyperpolarized molecular probes.”® Other methods, including i o

surface-enhanced NMR spectroscopy’ and photochemically
induced dynamic nuclear polarization (photo-CIDNP),"” have
been implemented to study nanoscopic surfaces and dilute
biologically relevant systems.

Overhauser dynamic nuclear polarization (OE-DNP) has Revised: Apr%l 17, 2025
recently attracted increasing attention for hyperpolarizing *C AccePted: Apr}l 18, 2025
NMR at high magnetic fields (>9.4 T) in solution.''~"* In this Published: April 28, 2025
method, a steady-state enhanced nuclear polarization is
generated on the analyte upon continuous microwave

enhancements. Instead of a screening approach, predicting
OE-DNP effects a priori, even at a phenomenological level,
would greatly expand the scope of the OE-DNP methodology.

Among the systems tested so far, halogenated small

achieved for carbon tetrachloride (CCl,) when using nitroxide
radical as the polarizing agent.'® At 9.4 T, a magnetic field
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Scheme 1. Structures and Abbreviations of Investigated Analytes”

C6
NG cs | | |
c4
€27, OCH; CH,
p-Me p-H

p-OMe

Cl
[: l /k""CI
Br c Cl

p-Br CCl, CBr,

Br
/k"""Br
Br ar

cé
| | IC1 ce IC1 P cs Clct Br:
Q, ", LELE L O
ca4
c4 c2 c4
F Cl F’c2 os Fc2 o F e
p-F p-Cl o-F F2 CiBz BrBz
F F F
cé
IS~ s NS F e L _F B F
c5 c5
c4 c4 c4
Fc2Yes F FcaYgs F F7c2Yg; F F F
F F F F
F3 F5 FsCIBz F;BrBz

“Red labels indicate carbon numbering, with p-Me, p-H, p-Br, p-F, and p-Cl following p-OMe (iodinated carbon as C1 and para carbon as C4).

BrBz and F;BrBz follow the Cl counterparts (brominated carbon as C1).

relevant for high-resolution studies, large enhancements have
been reported for carbon tetrabromide (CBr,) (e(**C) = 600)
and CCl, (e(**C) ~ 430)."” Although the DNP performance
of CI, has not been reported, likely due to chemical instability,
iodination has been shown to generate large enhancements in
aromatic systems.'” For monohalogenated benzenes, the
enhancement of iodinated *C (& = 25) is significantly higher
than those of *C functionalized with other halogens (e <3 for
Cy with X = F, Cl, Br) and proton (¢ ~ 8 for benzene)."> For
more complex drug molecules, up to 10-fold enhancements
were achieved for iodinated 3C, which are 2 to 10 times higher
than for other types of '*C."

For these systems, a polarizing agent—analyte halogen bond
(XB) has been proposed to be involved in producing NMR
signal enhancements of halogenated carbon-13 atoms.'”"> A
halogen bond is an attractive interaction between a nucleophile
and the halogen ¢ hole, a region with positive electrostatic
potential centered along the extension of the covalent bond in
which the halogen participates.'” Previous studies have
revealed XB formation between halogenated small molecules
and nitroxide radicals. For instance, iodobenzene and
pentafluoroiodobenzene are known to alter the spin density
distribution of the nitroxide aminoxyl site through XB
interaction in solution.'® In the solid state, XBs have been
identified between tetrafluorodiiodobenzene and nitroxides by
the close I--O contacts.'” Furthermore, the influences of XBs
on physical properties of nitroxide radical adducts with
fluoroiodohydrocarbons, including iodobenzene and penta-
fluoroiodobenzene, have been computationally studied using
density functional theory (DFT) analysis.”” While these
studies support the formation of XBs with the nitroxide
polarizing agent during OE-DNP, it is not yet clear how XB
properties, such as bond length, angle, and strength, influence
the OE-DNP effect. Unraveling these effects could allow
boosting of *C enhancement by molecular design.

Attempting to shed light on this underexplored aspect of
OE-DNP, we investigated the OE-DNP performance of 16
halogenated compounds using our recently developed
setup,' ' which permits unequivocal determination of £(**C)
thanks to its spectral resolution. Test subjects included 10
iodobenzene derivatives, two bromobenzene derivatives, two
chlorobenzene derivatives, and two carbon tetrahalides
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(Scheme 1). The strength of XBs is known to be tunable by
functionalization of the analyte electronic system with
electron-withdrawing groups such as fluorine to influence the
electrostatic potential of the halogen & hole.”” For instance,
crystallographic studies showed that increasing degree of
fluorination led to stronger XBs between pyridine and
iodobenzene derivatives.”> Following this principle, the test
molecules were selected to generate various degrees of XB with
the nitroxide polarizing agent. Remarkably, when using the
radical polarizing agent 4-0xo0-2,2,6,6-tetramethylpiperidin-1-
oxyl (4-0xo-TEMPO), OE-DNP enhancements of the
iodinated and brominated carbons of iodobenzene and
bromobenzene can be boosted by about 10-fold upon chemical
functionalization, corresponding to 100-fold reduction in
experiment time for achieving the same signal-to-noise level.
Computational analysis revealed strong correlations between
OE-DNP performance and XB strength, allowing the establish-
ment of an XB/OE-DNP relationship.

3C OE-DNP experiments were performed at 9.4 T external
magnetic field using a 263 GHz high-power gyrotron and a
commercial liquid-state NMR instrument equipped with a
novel DNP probe head.">”' Spectra were collected on ~20 uL
of deoxygenated analyte solutions (0.6 mol/L for better signal-
to-noise or 0.3 mol/L when solubility is limited) doped with
0.025 mol/L 4-oxo-TEMPO-""N-d ¢ (TN), a polarizing agent
producing a strong *C DNP effect. Although two different
analyte concentrations were used, measurements on iodoben-
zene showed a negligible concentration dependence for e(*C)
(Figure S1 and Table S1). We chose CCl, as the solvent due to
favorable physicochemical properties (polarity, viscosity, and
melting point) for microwave irradiation and penetration. To
rule out the solvent effect possibly arising from additional XB
formation, we further validated our results in cyclopentane
(Table S2). Enhancements were evaluated as the ratio of the
integrated NMR peak areas of spectra collected on the same
sample under DNP conditions and thermal Boltzmann
equilibrium scaled by the number of scans. To correlate OE-
DNP performance with molecular properties, we examined the
carbon-13 coupling factors, £(**C), which correct the enhance-
ments for the influences of instrument design, sample
composition, etc.”* £(*3C) is related to £(*3C) through the
following equation:

https://doi.org/10.1021/acs.jpclett.5c00798
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Figure 1. *C NMR spectra of selected iodinated compounds in CCl, collected at 9.4 T under OE-DNP (red) and thermal equilibrium (black)
conditions. The intense solvent signal at ~97 ppm is partially cut for better presentation of the analyte peaks. See experimental methods for sample

composition and NMR parameters. NS stands for number of scans.

Iy |
' g
T3¢ (1)

e=1-—

where y, and y are electron and carbon gyromagnetic ratios
(lyl/y»c = 2617). The saturation factor s describes the degree
of polarizing agent electron spin saturation and is related to the
polarizing agent electron spin relaxation time and the
microwave field strength.”>*® Our previous investigation
identified s ~ 0.3 for dilute CCl, solutions doped with 0.025
mol/L TN under similar experimental conditions.”®> The
leakage factor f describes the degree of paramagnetic nuclear
relaxation and depends on the polarizing agent concentration. f
can be calculated from f = 1 — T,,/T},, where T, and T9, are
the paramagnetic and diamagnetic nuclear spin—lattice
relaxation times. For this, we separately prepared deoxygenated
and otherwise identical analyte solutions containing or
excluding the polarizing agent. Ty, and T9, were measured
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using the standard inversion—recovery sequence under thermal
population and extracted using monoexponential fits.

Figure 1 displays representative *C NMR spectra collected
under OE-DNP and thermal equilibrium conditions for p-
OMe, p-Br, p-Cl, F2, F3, and FS at natural 13C abundance. For
compounds investigated here (other spectra are reported in
Figures S1 and S2), positive DNP signals corresponding to
scalar-dominant OE-DNP are always observed for iodinated,
brominated, chlorinated, and protonated carbons. Such
halogenated and protonated carbon moieties have been
shown to form non-covalent interactions with the electron-
rich nitroxide radical moieties based on experimental and
computational studies.'**”*”** Signals of fluorinated and
quaternary carbons, in contrast, are often quenched under
OE-DNP, suggesting a cancellation between scalar and dipolar
mechanisms. These agree with previous observations and
support the hypothesis that OE-DNP is promoted by analyte—

https://doi.org/10.1021/acs.jpclett.5c00798
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Table 1. 13C OE-DNP Enhancements at 9.4 T, Leakage Factors, and Coupling Factors of Selected Iodobenzene Derivatives

(£10% Error for £; S—10% Error for f)

analyte e(BC)) e(BC2) e(BC3)
p-OMe 12 7 6
p-Me 17 8 7
p-H 28 11 11
p-Br 32 9 14
pE 35 13 13
p-Cl 41 16 13
o-F 44 - 12
F2 5SS = 20
F3 76 - -
ES 130 - -

“lel < 1 under DNP conditions.

e(*C4) e("°Cs) e(**C6) f°cy) (o))
- 6 7 0.81 ~0.017
- 7 8 0.84 —0.024
9 11 11 0.85 —0.040
3 14 9 0.82 ~0.048
- 13 13 0.86 ~0.050
3 13 16 0.80 ~0.063
8 9 10 091 —0.060
- 17 15 0.88 —0.078
- 16 14 0.88 -0.105
- - - 097 -0.17

polarizing agent halogen bonding.'”"> For the iodobenzene
derivatives, enhancements of the iodinated carbons, £(*3C;),
are the most sensitive to aromatic chemical functionalization
(Table 1). e(**C;) increases systematically from & = 12 + 1 for
p-OMe to € = 130 + 13 for FS, as C; experiences stronger
electron-withdrawing effect (electron-withdrawing ability:
—Me, —OMe < —H < —Br, —Cl < —F < multiple —F based
on literature studies;*”>° also see results below). In contrast,
€(**C) varies by only ~3-fold for the protonated carbons. For
aromatic compounds, brominated and chlorinated carbons
have much smaller enhancements than their iodinated
counterparts under similar chemical environments (Table 2).

Table 2. *C OE-DNP Enhancements at 9.4 T, Leakage
Factors, and Coupling Factors of Selected Brominated and
Chlorinated Compounds®

analyte £("Cy) f(13cx) E(PCy)
CIBz 2 0.90 —0.001
BrBz 3 0.57 —0.004
F;CIBz 3 0.95 —0.003
FsBrBz 20 0.85 —0.028
ccl, 121 0.97 -0.16

CBr, 180 0.53 —0.43

“X = Br, Cl. Values of £(*3Cy) for CIBz and BrBz were taken from ref
1S.

For instance, £(**Cy) (X = Br, Cl) remains around 2—3 =+ 1 for
BrBz, ClBz, p-Br, and p-Cl. Although pentafluorination boosts
£(13Cyg,) also by about 10-fold for bromobenzene, a value of
e(13Cg,) = 20 + 2 for F,BrBz is about 6 times smaller than
£(13C,) for F5. Moreover, pentafluorination produced no effect
on £("*C() of CIBz, which remains at 3 for FsCIBz. Finally,
similar to the previous report,'> we observed large &(**C) for
CCl, (e = 121 + 10) and CBr, (¢ = 180 + 18). While the
values are smaller in our case due to lower electronic
saturation,'”"* the &(CBr,)/e(CCl,) ratio agrees well with
the literature report (1.5 here, 1.4 in ref 12).

Tables 1 and 2 record f(**Cy) and &(**Cy) (X = heaviest
halogen). Notably, (*Cy) (X =1, CI) falls in the range of 0.8—
0.97. Brominated carbons, however, have much lower f(**Cy,)
(~0.55) due to fast diamagnetic T, relaxation. This is a result
of scalar relaxation between *C and 7Br (natural abundance
~ 50.7%), which are two isotopes with similar y (y13¢ = 6.73 X
107 rad/Ts, y75, = 6.70 X 107 rad/Ts).>' In terms of the
coupling factor, £("*Cy) (X =1, Br, Cl) is negative in all cases,
again reflecting scalar-dominant OE-DNP effects. The value
for CCl,, £(*C) = —0.16, agrees well with the literature value
obtained from an alternative instrument design (—0.17 in ref
12). For chemically similar systems, I£(**C;)! is generally larger
than 1E("*Cy)l (X = Br, Cl). Functionalization with electron-
withdrawing groups promotes IE(**Cy)l for iodinated and
brominated aromatics but not for chlorinated ones. These

a)

(kcal/mol)

Figure 2. (a) Electrostatic potential isosurfaces (0.001 au) for F3 and TN. Red and blue numbers indicate local ESP maxima and minima,
respectively, marked by the white dots. (b—d) Four types of interactions between TN and iodobenzene derivatives (geometries optimized at the
MO06-2X/aug-cc-pVTZ level), stabilized by the Oy---I halogen bond (b), Oc--I halogen bond (c), Oy--H hydrogen bond (d), and polarizing
agent---7 interaction (e). Blue dashed lines indicate pathways of intermolecular interaction. @ and ¢ are the N—Oy-I and C—I--Oy angles

described in the text.
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Figure 3. Correlations between £(**C;) and d(Oy-+1) (a), E(XB) (b), V,;nu(CI) (c), and A,,,(*C;) (d). Colored circles represent values of
individual geometries, and black squares represent averaged values according to eq 2. Black solid lines are guides to the eye for the averaged data,
with 7 = 0.98 (a), 7 = 0.96 (b), * = 0.98 (c), and r* = 0.96 (d). Geometry optimizations and E(XB) calculations were performed at the M06-2X/
aug-cc-pVTZ level. A,,(C;) were evaluated at the B3LYP-D3/aug-cc-pVIZ-J level.

results point to a major but complex role of XB in generating
the *C OE-DNP for carbons directly bonded to the halogens.

To investigate potential polarizing agent—analyte XB
interactions, we performed a computational analysis of the
analytes and their TN complexes. We first focused on the
iodobenzene derivatives, which experience a systematic
increase in OE-DNP enhancements. Scalar OE-DNP requires
spin density transfer from the polarizing agent unpaired
electron spin to the observed nuclei—here between the
halogenated carbons Cyx and aminoxyl oxygen Oy. This can be
induced by formation of polarizing agent—analyte transient
complexes, where the electronic spin density on Cy is polarized
by the radical, according to previous computational stud-
ies."”** Intermolecular interaction is influenced by the
molecular electrostatic potential (ESP, V) distribution, where
sites with positive and negative ESP tend to interact.”* Here
ESP isosurface analyses for the polarizing agent and the
halogenated compounds were performed based on DFT-
optimized structures in CCl, (vide infra) and electronic
wavefunction analysis (also see the Supporting Information).
For TN, radical and carbonyl oxygens possess strongly negative
ESP minima (V,;, ® —35 kcal/mol; Figure 2a), similar to
literature reports on structurally related nitroxide radicals.”
Regardless of chemical functionalization, three electropositive
regions can be identified for the iodobenzene derivatives (see
Figure 2a for F3 as an example; for other compounds, see
Figure $3): the iodine 6 hole (ESP maximum (V, ,,,) = +30.11
kcal/mol for F3), hydrogen bonding sites of the aromatic
protons (V, .., = +30.29 and +32.11 kcal/mol for F3), and the
aromatic 7z system (V.. = +6.61 kcal/mol for F3). Based on
these considerations, we studied four types of polarizing
agent—analyte complexes: those stabilized by the radical—
analyte halogen bond (Oy--I, Figure 2b), an alternative XB
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involving the polarizing agent carbonyl group (O], Figure
2¢), a hydrogen bond (Oy---H, Figure 2d), and a polarizing
agent---7r interaction (PA:-x, Figure 2e). Initial geometries for
optimization were set to favor these interactions. We further
considered five to eight local minima on the energy surface of
each type of polarizing agent—analyte complex (Figures S4—
S13). Additionally, only the chair conformer is considered for
TN, as the TN "*N hyperfine constants calculated from such a
conformer agree better with experimental observations (vide
infra).

For DFT analysis, complex geometries were optimized at the
unrestricted M06-2X/aug-cc-pVTZ (-PP for I and Br) levels of
theory, which are known to describe non-covalent inter-
actions.”® Solvent dielectric effects were described by the SMD
model.”” The results of the study were further verified by
analyzing geometries optimized with a different hybrid
functional, B3LYP-D3.*® All optimized complexes stabilized
by the Oy--I interaction possess bond angles O(N—Oy--I) =
110—140° and @(C—1--Oy) ~ 180° (Figure S14 and Tables
$3—S12). Such directionality, especially the strong linearity of
C—1I---Oy, is characteristic of XBs according to previous
crystallographic and computational studies, where O(N—Oy-
I) = 120—145° and @(C;—1-Oy) = 170—180° have been
observed for cocrystals and solvated complexes of iodobenzene
and nitroxide derivatives.'”***>*”*° This is a result of
interaction between the C—I bond ¢ hole and the oxygen-
based radical spin density (Figure S15). Liquid-state OE-DNP
involves molecular motion,”* and all these complex config-
urations may contribute to the observed enhancement.
Therefore, to compute physical parameters of the complexes,
we consider the averaged quantities of individual geometries
weighted by their Gibbs free energies:

https://doi.org/10.1021/acs.jpclett.5c00798
J. Phys. Chem. Lett. 2025, 16, 4505—-4514
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—AG,/RT

r= Z [ e~AG /RT]

()
where x is the physical parameter of interest, AG; is the relative
Gibbs free energy of geometry i, R is the ideal gas constant, and
T is the experimental temperature of 300 K. The same
weighting approach has been applied for studying the role of
hydro§en bonding in solution OE-DNP at low magnetic
field.”

For halogen-bonded complexes involving the same XB
acceptor, here TN, stronger XB corresponds to more positive
ESP maxima at the o hole of the carbon—iodine bond,

Vemax(CI), shorter bond length d(Oy-+I), and more negative
blndlng energy E(XB), which can be calculated from the
single-point energies of the complexes and their constituents:*’

3)

From p-OMe to FS, the average d(Oy-+-I) decreases while the
average |E(XB)| and V,,,,(CI) increase (Figure 3 and Table
S13), with up to 14%, 2%, or 0.5% variations between
individual geometries of the same iodobenzene derivative
based on calculations with at the M06-2X/aug-cc-pVTZ level.
These observations are consistent with increasing polarizing
agent—analyte XB strength upon functionalization with more
electron-withdrawing groups. Importantly, these parameters
show linear correlations (r* > 0.96) with £("*C;) (Figure 3a—
c), pointing to the active role of XB in the OE-DNP
performance of these systems. A similar linear correlation
between &('3C;) and IE(XB)| was observed when the latter
were evaluated using the domain-based local-pair natural
orbital coupled-cluster singles and doubles (DLPNO—CCSD)
method (Figure S$16), which is more costly but often regarded
as the “gold standard” for calculating electronic properties.*’
For scalar-dominant OE-DNP at high magnetic fields
induced by spin-1/2 monoradical, £(*3C) is approximately
determined by the ratio of the electron—nuclear zero-quantum
scalar (w}) and single-quantum dipolar (w{) relaxation rates:**
f=
2wy /wy + 1

E(XB) = E(complex) — [E(analyte) + E(radical)]

(4)

where wj is related to the squared time average of the carbon-
13 isotropic hyperfine constant, A;,(**C), according to the
pulse model described in ref 32:

=2
2 (%)

where i represents a pathway of analyte—polarizing agent
complex formation, 7, is the formation frequency, 7., is the
complex lifetime, and , is the electronic Larmor frequency.
When other parameters are fixed, larger A;;,(**C) should lead
to larger w§ and I£(*C)| and thus a stronger OE-DNP effect.
To examine whether XB formation is correlated with a large
Aio(13Cy), we calculated isotropic hyperfine constants of the
iodinated *C for the optimized complexes discussed above
using computational methods at DFT and coupled-cluster
levels of theory. The computational methods were validated
against the experimental N hyperfine constants of TN
measured using an X-band continuous-wave electron para-
magnetic resonance spectrometer, with dispersion-corrected
B3LYP-D3/aug-cc-pVTZ-J giving the best match (Table S14).
Ao(1*C;) values computed using B3LYP-D3 are subsequently

lSO,t

Clexp( ecz)]
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reported in Figure 3d, and those for other methods are shown
in Figure S17. In contrast, *N hyperfine constants of ~41
MHz were obtained for complexes with twisted polarizing
agent conformation (Figure S18), which were subsequently
omitted in the following discussion due to large deviation from
experimentally observed values. For each iodobenzene
derivative, up to 40% variation in A (*3C,) is observed
between individual geometries, which is a result of difference in
binding geometries and electronic properties. The average
Aio(*C)) increases from 5.23 MHz for p-OMe to 9.19 MHz
for FS and could be interpreted as correlated (r* = 0.96) with
£(1C,) (Figure 3d). While such correlation should not be
linear according to eqs 4 and S, the observed linearity might be
an approximation of the complex influence of w{ and w5. Note
that such correlation persists when obtained with different
computational methods, despite the fact that the absolute
Aio(PC)) values calculated with DFT are on average ~2.5
MHz larger than those obtained from DLPNO-CCSD
(Figure S17 and Table S15). The increase in AM(BCI) is
reflected in the increasing Léwdin spin population,” p(3C)),
and s-orbital character of the iodinated carbons, with average
values increasing from 0.54% to 0.77% and from 13.6% to
15.7%, respectively (Table S13). Increases in p(*C;) are
further accompanied by a decrease in p(**NO), defined as
p(*N) + p(Oy) for the polarizing agent, from 87.7% to 86.8%.
The spin densities evolve linearly with &(**C;) (Figure S19).
This is consistent with the expectation that the hyperfine
interaction and subsequently the OE-DNP effect are induced
by a polarizing agent-to-analyte spin polarization mecha-
nism.”*** The aforementioned observations remained valid
when A;,("*C;) was calculated from geometries optimized at
the B3LYP-D3 level (Table S16 and Figure S20). Further
geometry analysis for these complexes indicated dihedral
angles { close to 90° or 270° (Figure S21), which are
consistent with an orbital overlap along the nitroxide oxygen p,
orbital. This orientation was found to facilitate strong analyte—
polarizing agent hyperfine coupllng in water hydrogen-bonded
to nonplanar nitroxide radicals.”’ These results suggest that
analyte—polarizing agent geometries favoring XB also facilitate
the isotropic hyperfine interactions required for OE-DNP.
Additionally, it is worth noting that A, ("*C;) is not
determined by a single geometric parameter but rather by a
combination of 8, ¢, and the XB-associated dihedral angle ¢
(Figure S22).

For analyte—polarizing agent interactions potentially com-
peting with that through the Oy-+-I halogen bond (Figure 2c—
e), much weaker A, ('3C;) values were observed, from
A (BC)) =~ 0.43—0.53 MHz for the Oy--H interaction to |
Ao(PC)l & 0.09—0.24 MHz for PA-z to negligible |
Ao (BCPI £ 0.02 MHz for Oc-+-1 (Table S17). The nature
of these interactions is confirmed by geometry and orbital
analyses (Table S18 and Scheme S1), including the strong
linearity of O+ (Figure S23), the <90° angle connection for
Op-+-H (Figure S24), and the right-angle connection combined
with the involvement of carbon p orbitals for PA---z (Figures
S25 and $26). The weaker hyperfine interaction is a result of
unfavorable spin polarization transfer, as demonstrated by the
lower p(**C;) compared to those observed for Oy-+I, which
offsets the superior s-orbital characters observed for some
geometries (Figures S19b and S$27). Interestingly, no
correlation was found between £('3C;) and the A, ("C;)
values obtained from these interactions (Figure $28). Addi-
tionally, the *C chemical shift differences between the DNP
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Figure 4. Correlations between (a) E(XB) or (b) A;,("*Cy) and £(**Cy) calculated for complexes stabilized by the Oy+X halogen bond. Red open
circles represent iodinated compounds. Blue squares represent brominated and chlorinated compounds. Iodobenzene is marked by green solid
circles for clarity. Black lines are guides for the eye presented in Figure 3. E(XB) and A;,('*Cy) were obtained from calculations with the M06-2X

and B3LYP-D3 functionals, respectively.

and Boltzmann spectra, AJ, reflect the analyte paramagnetic
shifts, partially compensated due to saturation of the TN EPR
transition under OE-DNP.** For fast-tumbling molecules in
the liquid state, the paramagnetic shifts of >C are linearly
correlated with the A,,,(**C) averaged over time and polarizing
agent—analyte interaction pathways.”*** For the iodobenzene
derivatives, such correlation was observed for A, ("C;)
calculated from the Oy-I interaction but not for A, (**C;)
for the O¢-+I, Oy++-H, and PA---x interactions (see Figure S29
and related discussion). Altogether, these results for the
iodobenzene derivatives corroborate the importance of the
halogen bond in influencing the polarizing agent—analyte
interaction and generating a large OE-DNP effect. Of equal
importance, only those interactions with suitable geometry and
efficient spin polarization mechanism are actually responsible
for the observed correlation between XB and DNP perform-
ance.

On the other hand, analysis of the brominated and
chlorinated compounds emphasizes that the predicted
Aio("*C;) and XB properties do not alone explain the huge
differences in the observed OE-DNP effects. Similar to the case
of the iodobenzene derivatives, we analyzed multiple geo-
metries stabilized by the Oy+X halogen bond (X = Br, Cl),
i.e, with C—X oriented toward the TN radical site (Figures
$30—S35 and Tables S19—S24). DFT revealed that optimized
CX,—TN complexes possess strongly directional interactions
(0 ~ 115—141°, ¢ =~ 180°). Complexes of the aromatics,
however, have larger deviations from geometries that facilitate
efficient XB and hyperfine interaction (0 ~ 90—140°, ¢ ~
140—180°). Moreover, whereas the increase in the XB strength
still corresponds to an increase in Ay,("*Cy) (X = Br, Cl)
calculated for XB-stabilized complexes (Figure S36 and Table
S25), they no longer translate to a monotonic increase in
IE(PCy)I or €(*3Cy) (Figure 4). For instance, £(**Cy) remains
invariant for CIBz, BrBz, and F;CIBz despite a 1.3 kcal/mol
increase in E(XB) and a 16.0 kcal/mol increase in V, ,..(XB).
Similar trends were observed for OE-DNP experiments
performed with samples with cyclopentane as the solvent
(Figure S37).

Several factors could contribute to the complex correlation
between computed XB properties and the OE-DNP perform-
ance. As discussed above, *C OE-DNP involves two temporal
aspects: the formation frequency (z,,™") and lifetime (z.,) of
the analyte—polarizing agent complex. For the halogenated
molecules studied here, DFT and electronic wavefunction
analyses already suggest potential variation of these factors.
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First, molecules with large £('*Cy) coincide with those with
V, max located at the XB, such as FS, CCl,, and CBr, (Figure S3,
S38). The difference in ESP distribution possibly explains the
invariant £("*C;) of CIBz upon pentafluorination, as F;CIBz is
the only pentafluorinated compound with V.. outside the
XB. Such ESP distribution analysis agrees with the previous
observation from NMR chemical shift titration that F;CIBz
prefers 7 interaction over XB.** Meanwhile, for CX,,
interaction of TN with low V| regions, such as the center of
the —CX; cone, can still induce non-negligible A ("*C)
(~1.8—3 MHz; Figure S39). Such interactions have been
computationally identified in complexes of CCl, and oxygen-
based XB acceptors.47 Additionally, the relative surface area of
the XB ¢ hole of the analyte, as characterized by positive V,
increases with functionalization with more electron-with-
drawing groups and become largest for carbon tetrahalides
(Table S26). These likely cause variations in the dynamics and
probability of polarizing agent—analyte interaction pathways.
Such variation is further supported by the different A5("*Cy)—
Aio(*Cy) dependence of the brominated and chlorinated
analytes compared to the iodinated ones (Figure S40).
Finally, the analyte—polarizing agent complexes possess
various motions with frequencies matching the time scale
suited for OE-DNP. Under 9.4 T, where the electronic Larmor
frequency is 263 GHz, optimal OE-DNP requires molecular
motion on the time scale of ~0.6 ps (i.e, . '), corresponding
to v ~ 8.8 cm™". Interestingly, numerical vibrational frequency
calculations on the complexes revealed low-energy hybrid
bending modes of the XB around this frequency (Figures S41
and S42 and Table S27), which further lead to changes in
A;o(P*Cy). For instance, vibrations of 2.5—20.8 cm™ alter
Aio(PCy) of the complexes by <0.01 to 5.4 MHz (Figure
S43). A previous study on chloroform revealed that efficient
OE-DNP at high field is induced by not only formation—
dissociation but also subpicosecond processes of the polarizing
agent—analyte transient complex.”” A similar effect could be
induced by the above-mentioned vibrational modes. Addition-
ally, it is worth noting that experimental study of such modes is
rare. Infrared spectroscopic studies have identified the C—I
stretch to be around 400 cm™ and influenced by XB
strength.*® The lowest XB vibrational modes observed so far
are about 60—70 cm ™" for azopyridine—tetrafluorodiiodoben-
zene in the solid state according to Raman spectroscopy.*’
Although optical spectroscopy has revealed pico- to subpico-
second dynamics in pure CCl, and benzene, either assigned to
molecular collisions™” or collective modes,”" such analyses have
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not been applied to OE-DNP systems. Thorough under-
standing of processes on this time scale will require suitable
spectroscopic methods, which is the topic of ongoing
investigations.

In conclusion, we analyzed the DNP performance and
halogen bond properties of representative iodinated, bromi-
nated, and chlorinated compounds. We established, for the first
time, that strong XB can facilitate a strong Overhauser DNP
effect for the carbon atoms involved. This is a result of an
efficient XB-mediated polarizing agent-to-analyte spin polar-
ization transfer. This effect enables up to 10-fold boosts in the
OE-DNP performance through analyte chemical functionaliza-
tion. Potentially, our results open up new ways of fine-tuning
DNP performance by controlling intermolecular interactions, a
useful aspect for designing hyperpolarized molecular probes
and labels.”® Additionally, we envision the implementation of
Overhauser DNP in studying halogen bonding itself, which
plays unique roles in various applications, including organo-
catalysis, molecular recognition, bioinhibitor design, and
crystal engineering.;.sz_55
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