Applied Magnetic Resonance (2022) 53:1239-1263 Applied
https://doi.org/10.1007/s00723-021-01442-y Magnetic Resonance

®

Check for
updates

Hydrogen-Bonded Complexes of Neutral Nitroxide Radicals
with 2-Propanol Studied by Multifrequency EPR/ENDOR

ORIGINAL PAPER

Anton Savitsky'® - Anna Nalepa? - Taras Petrenko? - Martin Plato* -
Klaus Mobius* - Wolfgang Lubitz>

Received: 20 July 2021 / Revised: 7 October 2021 / Accepted: 9 October 2021 /
Published online: 10 December 2021
© The Author(s) 2021

Abstract

The hydrogen bond plays a key role in weak directional intermolecular interactions.
It is operative in determining molecular conformation and aggregation, and controls
the function of many chemical systems, ranging from inorganic, organic to biologi-
cal molecules. Although an enormous amount of spectroscopic information has been
collected about hydrogen-bond formation between molecules with closed-shell elec-
tronic configuration, the details of such interactions between open-shell radicals and
closed-shell molecules are still rare. Here we report on an investigation of hydrogen-
bonded complexes between pyrroline-type as well as piperidine-type neutral nitrox-
ide radicals and an alcohol, i.e., 2-propanol. These nitroxide radicals are commonly
used as EPR spin labels and probes. To obtain information on the geometry of the
complexes and their electronic structure, multi-resonance EPR techniques at various
microwave frequencies (X-, Q-, W-band, 244 GHz) have been employed in conjunc-
tion with DFT calculations. The planar five-membered ring system of the pyrroline-
type nitroxide radical was found to form exclusively well-defined in-plane c-type
hydrogen-bonded complexes with one 2-propanol molecule in the first solvation
shell in frozen solution. The measured hyperfine parameters of the hydrogen-bridge
proton and the internal magnetic parameters describing the electron Zeeman and the
electron-nuclear hyperfine and nuclear quadrupole interactions are in good agree-
ment with values predicted by state-of-the-art DFT calculations. In contrast, multi-
resonance EPR on the non-planar six-membered ring system of the piperidine-type
nitroxide radical (TEMPOL) reveals a more complex situation, i.e., a mixture of a
o-type with, presumably, an out-of-plane n-type complex, both present in compara-
ble fraction in frozen solution. For TEMPOL, the DFT calculations failed to predict
magnetic interaction parameters that are in good agreement with experiment, appar-
ently due to the considerable flexibility of the nitroxide and hydrogen-bonded com-
plex. The detailed information about nitroxide/solvent complexes is of particular
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importance for Dynamic Nuclear Polarization (DNP) and site-directed spin-labeling
EPR studies that employ nitroxides as polarizing agents or spin labels, respectively.

1 Introduction

Weak hydrogen bonding is the most important directional intermolecular interac-
tion in chemistry [1]. It is operative for determining molecular conformation and
aggregation, as well as for the functionality of many chemical systems, ranging
from inorganic, organic to biological molecules [2—7]. Since its discovery more than
100 years ago, the hydrogen bond is still a topic of vital research in diverse scientific
branches, including mineralogy, material science, inorganic and organic chemistry,
supramolecular chemistry, biochemistry, molecular biology and medicine, as well
as molecular-design based pharmacology. In his seminal book, “The Nature of the
Chemical Bond”, Linus Pauling gives credit to T. S. Moore and T. F. Winmill, who
first mentioned the hydrogen bond in 1912 [8, 9].

Although an enormous amount of spectroscopic information has been collected
about hydrogen-bonded complexes between closed-shell molecules [10], details (in
particular geometry) of the hydrogen-bonded complexes between closed-shell and
open-shell molecules, such as reactive short-lived radicals, are still rare. Well-estab-
lished knowledge is, however, that weak hydrogen-bonding effects are important in
significantly modulating free radical properties. As an example, quinone radicals are
known to markedly change their photochemical, kinetic, and spectroscopic proper-
ties upon formation of a hydrogen-bonded complex that involves the oxygen atom
and retains an unpaired electron. Both neutral quinone radicals and radical ions are
frequent intermediates in quinone-mediated redox processes. The hydrogen-bond
situation of the quinone cofactors in the bacterial photosynthetic reaction center
[11-17], in plant Photosystem I [18-21] and Photosystem II [22] was clarified in
recent years. Moreover, photosynthetic and related model systems were investigated
in great detail both experimentally and theoretically [23-26] making the hydrogen-
bonded complexes of quinone radicals with organic ligands the best understood
H-bond system in molecular biology of today.

In contrast to the quinone radicals, hydrogen-bond formation of other important
radicals, such as nitroxide radicals, is still under controversial debate. Numerous
experimental EPR [27, 28], NMR [29-40], IR [41, 42], X-ray [43—45], calorime-
try [42, 46] investigations on this issue have been published in the past. Detailed
information on hydrogen bonds of nitroxide radicals was gained from liquid-solution
NMR studies [29—40], for instance for hydrogen bonds of nitroxide radicals with
alcohols, phenols, amines, acids, hydroperoxides and water. From the analysis of the
paramagnetic contact shifts of donor molecules and their relaxation properties and
the electron spin densities of hydrogen-bonded complexes were obtained.

As to EPR, the magnetic interaction parameters of nitroxide radicals—the elec-
tron Zeeman, the electron-nuclear hyperfine and quadrupole interactions—depend
markedly on the radical microenvironment, i.e., on the nature of the matrix in which
the radicals are dissolved. Already early EPR studies of stable nitroxide radicals in
the liquid phase have recognized the isotropic hyperfine couplings and g values to
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Scheme 1 Molecular structures R1 OH R2 OH
of the pyrroline-type (R1) and

piperidine-type (R2) nitroxide —

radicals used in this work

O—Z

be sensitive probes of the polarity and proticity of the medium in which the radicals
are embedded [47—49]. Later studies, including high-field EPR, have demonstrated
the extraordinary sensitivity of the principal N A_, hyperfine and g, Zeeman ten-
sor components on the local microenvironment of the nitroxides both in homogene-
ous frozen solutions and nitroxide spin-labeled proteins [50-57]. Several theoretical
attempts were made to understand the correlations of such interaction parameters
with polarity and proticity characteristics of the microenvironment [57-62].

Recently, we have demonstrated that for nitroxide radicals in frozen protic sol-
vents and spin-labeled proteins, a pronounced heterogeneity of g.., A.. and also P_,
("N quadrupole tensor component) is present that can be resolved when using high-
field cw EPR and ELDOR-detected NMR techniques [53, 54, 56, 63]. The distinct
correlation of g,,, A_, and P_, values senses different nitroxide populations that are
characterized by their different local environments. These differences in environ-
ments were tentatively ascribed to a different hydrogen-bond situation of the nitrox-
ides, i.e., whether they develop one or two H-bonds to the solvent molecules — or
no H-bonds at all. An exact assignment of the various nitroxide H-bond situations
requires, however, an experimental and theoretical characterization of the hydrogen-
bonded complexes. In particular, the hyperfine coupling parameters of the hydrogen
in the hydrogen bond are required, from which the geometrical structure of the com-
plexes can be derived.

It this work, we report on multi-frequency, multi-resonance EPR investigations
of two types of hydrogen-bonded complexes with 2-propanol. They consist of two
inherently different types of nitroxide radicals: (i) the five-membered ring system
of a pyrroline-type nitroxide radical, and (i7) the six-membered ring system of a
piperidine-type nitroxide, see Scheme 1. These nitroxides often serve as models for
the MTS spin label and the non-natural amino-acid TOAC spin label, respectively,
both are widely used in side-directed spin labeling (SDSL) studies (see, for instance,
overview articles [64, 65]). The aim is to elucidate the structure of hydrogen-bonded
complexes. Several structural models of hydrogen-bonded nitroxide-alcohol com-
plexes have been proposed previously, see for instance [66, 67]. They include two
types of the models: (i) an in-plane o-type model in which the H-bond is placed in
the c-orbital plane of the oxygen and directed toward an oxygen lone-pair orbital
(with an N-O-H bond angle of ~120°), and (ii) an out-of-plane n-type model in
which the orbital of the hydrogen-bonded proton contacts the p, orbital of either
oxygen, n(0O), or nitrogen, T(N), of the nitroxide atoms.

At first, we specify an experimental methodology that is able to provide highly
detailed information about the hydrogen-bonded complex. We have applied vari-
ous EPR techniques on the nitroxide R1, employing continuous wave (cw) EPR,
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hyperfine sublevel correlation (HYSCORE) and electron nuclear double resonance
(ENDOR) at different microwave frequencies. After having found the optimal EPR
technique for this purpose, the second nitroxide radical, R2, was investigated to
understand the differences in the hydrogen bonding situations of these spin probes
and to explain existing discrepancies of the NMR and EPR results reported earlier.
The obtained spectroscopic information is compared with predictions calculated by
density functional theory (DFT).

2 Theory
2.1 Spin Hamiltonian

For a nitroxide radical (S=1/2), the static spin Hamiltonian, H , that describes the
time-independent spin interactions, consists of the terms

’%_*;B "By g S—Zw-Bo-Z+ZS-&-Z+Z&-E-Z (1)

i

where H contains the field-dependent electron and nuclear Zeeman interactions
as well as the field-independent electron-nuclear hyperfine and nuclear quadrupole
interactions with magnetic nuclei. For the quadrupole interaction to exist, nuclei
with 7 > 1/2 in an asymmetric electronic environment are required. By, is the exter-
nal magnetic field (a vector), g, A and P are the corresponding interaction tensors
(here represented by 3 X3 matrices) of the electron Zeeman, hyperfine and quad-
rupole interactions (: Planck constant; g, py: Bohr and nuclear magnetons; g,:
nuclear g-factors; S, T: electron and nuclear spin vector operators; the summation is
over all nuclei of the system).

In disordered solids (frozen solutions), in which the motion of the nitroxide mol-
ecules is substantially restricted, the line shape of the EPR spectrum at low exter-
nal magnetic fields is governed by the field-independent nitrogen electron—nuclear
hyperfine interaction (characterized by the A-tensor components, I('*N)=1). At
high external magnetic fields, the EPR spectrum is governed by the combined effect
of the electron spin and orbital Zeeman interactions as well as the spin—orbit interac-
tion (determining the magnitude of the g-tensor components). Both hyperfine and
g-tensors are sensitive to the molecular structure and molecular axes system of the
nitroxide, see Fig. l1a. The spin interaction terms of the unpaired electron with other
magnetic nuclei in the system are small and typically not resolved in the EPR spec-
trum but are observed in the ENDOR spectra.

For a proton in a typical hydrogen bond to the nitroxide, the hyperfine ten-
sor A is composed of 1sotr0plc (scalar) and anisotropic (dipolar) contribu-
tions: A = a;, - 1+ Adlp, where 1 is the unity tensor (equal to the unity matrix).

The isotroplc part, a;,, , is expected to be small compared to the anisotropic term,
Adip , which arises from the dipolar interaction between the unpaired electron and
the proton. In the simple point-dipole approximation (only the unpaired electron
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Fig. 1 a Orientation of the nitroxide g-tensor and the bridging hydrogen hyperfine tensor in the molecu-
lar frame of the o-type R1/2-propanol complex. The irrelevant protons are omitted for clarity. b Defini-
tion of the hydrogen-bonded complex geometry in the g-tensor frame of the nitroxide radical R1 (with
the oxygen atom as origin of the frame). The unity vectors b and h show the directions of the external
magnetic field B, and the dipolar O---H hydrogen-bond axis whose positioning in the nitroxide g-tensor
frame is determined by polar angles (6, @) and (©, @), respectively. The angle between b and h vectors is
given by Q

spin density on the nitroxide oxygen is considered), the observed hyperfine splitting
by the anisotropic interaction (in frequency units) is given by

_ﬂ'ge.gn(H)'MB'”N
4P~ Axh r3

“po-(3cos’Q—1)=T-(3cos’Q—1) (2)

where p, is the unpaired electron spin density at the oxygen, €2 is the angle between
the applied magnetic field and the direction of the hydrogen bond, Fig. 1b, and r is
the H-bond length. For the proton in the hydrogen bond, the principal dipolar inter-
action value is givenby 7 =79.2 - p,, - (r/r0)3 MHz when choosing r, = 0.1 nm. For
deuterons, the numerical pre-factor 79.2 for protons is replaced by 12.16 according
to the ratio of the nuclear g values. The dipolar 'H hyperfine tensor [A,;, Ay, As;]
resulting from this point dipolar approximation is axially symmetric, with the
principal components Aj; = A = +27T for Q = 0 (direction along the hydrogen
bond) and A;; =A,, =T for Q& = 90°. For the nitroxide, non-axial symmetry
(A, # A,,) of the dipolar 'H-hyperfine tensor is expected due to contributions of
dipolar hyperfine interaction with substantial unpaired electron spin density on the
nitroxide nitrogen atom, see below.

For hydrogen-bonded deuterium, the nuclear quadrupole interaction between the
nuclear electric quadrupole moment, O, and an electric field gradient at the deute-
rium nucleus is described by the quadrupole tensor, P. In its principal axes system,
the quadrupole tensor is traceless. Its largest principal value is Ps; = €% - g - Q/2h,
where eq is the electric field gradient of the electron plus the nuclear charge distri-
bution along this direction, and # = (P, — P,,)/P55 is the asymmetry parameter of
the charge distribution, with the convention |Ps3|> |Py,| > |P};|and 0 < 7 < 1[68,
69]. The largest principal value of the quadrupole tensor is approximately along the
direction of the H-bond. The field gradient is related to the distribution of electrical
charges around the nucleus and thus related to the specific bonding geometry. There-
fore, its value can be used to infer information on the hydrogen bond.
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2.2 Molecular Structure and Axes System of Nitroxide Radical

The magnetic interactions of the nitroxide radical are related to its molecular struc-
ture. It is common practice to determine the nitroxide g-tensor directions x,y,z (and
the principal values [g,,, g, §..1) within the nitroxide molecular structure as x-axis
directed along the NO bond, z-axis along the nitrogen 2p, orbital, and y-axis per-
pendicular to the x—z plane. The principal directions of the '*N hyperfine and quad-
rupole tensors, [AH,AWAZZ] and [Pxx,Pyy,PZZ], are supposed to be collinear with
the corresponding g-tensor axes. The main component of the hyperfine tensor of a
bridging hydrogen/deuteron, A3, is to good approximation directed along the H(D)-
bond direction. The A}, is perpendicular to the COH(D) plane of the 2-propanol.
The eigenvector of the largest D nuclear quadrupole tensor component Ps; is also
expected to be oriented along the D-bond direction to first approximation, while the
P, and P,, directions are approximately collinear with the corresponding hyperfine
tensor directions.

3 Materials and Methods
3.1 Materials and Sample Preparation

The nitroxide radicals 3-hydroxymethyl-2,2,5,5-tetramethylpyrrolin-1-oxyl in their
protonated (abbreviated as R1 throughout the text) and perdeuterated (R1-D,4) form
were synthesized as described previously [70]. The nitroxide radical 4-hydroxy-
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL, abbreviated as R2 throughout the
text) in its perdeuterated form (R2-D,;(OH)) was used as purchased (Aldrich, 97%
D, 95%). The solvents 2-propanol-Hg, 2-propanol-D;(OD) and 2-propanol-D,(OH)
were obtained from Aldrich in their purest commercially available form and used
without further purification.

The nitroxide radicals were directly dissolved in 2-propanol to obtain the
concentration of 1 mM. The sample solutions were filled into quartz capillar-
ies (I.D.=3.8 mm for X-band EPR; I.LD. 1.8 mm for Q-band and 244 GHz EPR;
[.D.=0.6 mm for W-band EPR and [.D.=4 mm for NMR) and shock frozen in lig-
uid nitrogen to form a glass prior to the transfer into the precooled EPR probehead.

3.2 EPR and NMR Experiments

X-Band (9.5 GHz, 0.34 T) cw (continuous wave) and pulsed EPR measurements
were performed using a Bruker ELEXSYS 580 spectrometer equipped with an
Oxford Instruments ESR 935 cryostat, ITC4 temperature controller and pulsed
ENDOR resonator (Bruker, EN 4118X-MD4). For cw EPR experiments, a field-
modulation frequency of 100 kHz and modulation amplitude of 50 uT were used.
The incident microwave power was adjusted to avoid any saturation effects.

Q-band (34 GHz, 1.21 T) cw EPR measurements were carried out using a
Bruker ER200E spectrometer equipped with a Bruker ER051QG microwave (mw)
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bridge and a home-built TE,;; Q-band cavity [71]. A field-modulation frequency
of 100 kHz and modulation amplitude of 50 uT were used. Pulsed Q-band EPR
experiments were carried out on a Bruker ELEXSYS E580 spectrometer with a
Super Q-FT mw bridge and Oxford-CF935 liquid helium cryostat, ITC-503 tem-
perature controller and a home-built ENDOR cavity similar to that used for cw EPR
measurements.

W-band (95 GHz, 34 T) EPR and ESEEM experiments were performed
with a laboratory-built W-band spectrometer operating both in cw and pulsed
mode, as described previously [72, 73]. The temperature of the sample was con-
trolled by a temperature stabilized nitrogen gas-flow cryostat in the probe-head.
All cw EPR experiments were performed using a gold plated bronze TE,,; reso-
nator. Low mw power (<1 uW) incident on the critically coupled loaded cavity
(0, <1.5-10° rad-s™!) was chosen to avoid saturation of the sample. The external
field was modulated at 8 kHz with an amplitude of 50 uT. For “N-ESEEM experi-
ments, spectrometer settings were used identical to those described previously [70].
For W-band ENDOR experiments, we used a modified W-band EPR spectrometer
(Bruker ELEXSYS E680) operating at about 94 GHz [63] equipped with a helium
flow cryostat. The ENDOR experiments were carried out using two home-built mw
cavities which contained a radiofrequency (RF) solenoid of Teflon-coated silver
wire integrated into a commercial W-band ENDOR probe-head (Bruker). The RF
coil had either 7 turns or 21 turns for optimized performance at low RF frequencies
(< 100 MHz, optimum performance at 20 MHz, which corresponds to the deuterium
Larmor frequency) or high RF frequencies (> 100 MHz, optimum performance at
140 MHz, which corresponds to the proton Larmor frequency), respectively. The
optimal RF n-pulse length of about 20 ps is obtained for both deuterons and protons
using 100 W output power of the RF amplifier. To ensure broadband mw excitation
and minimize signal distortions caused by stray fields from the high-power RF exci-
tation, the loaded quality factor was lowered to 700 to obtain a microwave frequency
bandwidth of 130 MHz.

244 GHz cw EPR experiments were performed using a home-built EPR spec-
trometer equipped with a non-resonant EPR probehead described previously [74]. A
field-modulation frequency of 100 kHz and modulation amplitude of 50 uT and 0.2
mT were used.

All multi-frequency cw EPR and pulsed EPR experiments were performed at
90 K and 60 K, respectively, well below the 2-propanol glass transition tempera-
ture of 7,=121 K [75, 76]. The spectra analysis and simulation procedures were per-
formed on the basis of the EasySpin toolbox for the Matlab program package [77].

NMR experiments were performed using a Bruker Ascend 400 MHz NMR
spectrometer.

3.3 DFT Computational Methods
Calculations of the local hyperfine and quadrupole tensors as well as of the global

g-tensor of the hydrogen-bonded radicals were performed on the level of density
functional theory (DFT) using the quantum-chemical program package ORCA [78].
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The actual hyperfine-, quadrupole- and g-tensor calculations were preceded by an
ORCA geometry optimization procedure to establish minimum energy molecular
structures of the two radical species, R; and R,. Normally, these calculations were
performed on molecules in the gas-phase, but additionally, in selected cases, sol-
vent effects were included (see below). No geometrical restraints were introduced.
Starting geometries were obtained by a Molecular Modeling software on a semi-
empirical level.

ORCA input settings for the geometry optimizations and for the calculation of the
g- and hyperfine/quadrupole tensors g, A and P were chosen as follows:

I.  Geometry optimizations: Spin unrestricted SCF (Kohn—Sham theory), standard
DFT functional B3LYP and basis set def2-TZVP (Triple zeta valence basis set
with "new" polarization functions, developed by the Ahlrichs group [79]).

II. g-tensor: DFT settings same as in (i), but including the SOMF(1X) treatment
for the spin—orbit coupling and an energy window of -100 to 4+ 100 a.u. for the
contribution of molecular excited states.

III. A- and P-tensors: Same as in (7) and (i) with a very fine integration, grid "5"
for high numerical accuracy close to the nuclear regions.

The ORCA output provides isotropic and anisotropic (traceless) contributions to
all three tensors, g, A, P, in the geometry optimized systems of the nitroxide/2-pro-
panol complexes. Whereas g appears as a single global quantity, A and P are derived
as local quantities for all relevant nuclear positions.

Since all tensors are initially calculated in an arbitrarily chosen laboratory sys-
tem, they finally have to be transformed to the principal axes system 7, ,, of the
g-tensor. These axes define the selected magnetic field orientations in the EPR
experlments Such transformatlons are easily performed by unitary transformations,
e.g., X =Ty tab X, - T7} . where X stands for any interaction tensor at any

nuclear position.

g.lab®

4 Results and Discussion
4.1 Nitroxide R1, the Five-Membered Ring System

We start the results and discussion section with the five-membered ring system, the
nitroxide radical R1.

4.1.1 Multi-frequency cw EPR Experiments

Figure 2 shows multi-frequency cw EPR spectra of the R1-D,, nitroxide at 90 K
in frozen 2-propanol-Dg solution. The spectra exhibit the typical powder pat-
tern line shapes for a dilute random distribution of nitroxides at different mw
frequencies and corresponding Zeeman fields. At X-band, the spectrum is domi-
nated by the N nitrogen hyperfine interaction. The Q-band spectrum represents
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Fig.2 Experimental multi-frequency cw EPR spectra of 1 mM R1-D¢ nitroxide in frozen 2-propanol-Dg
solution at 90 K. The spectra are aligned according to the magnetic field position corresponding to the
principal g_. value of the g-tensor. In the 244 GHz EPR spectrum in the g,, region two fractions (sub-
ensembles with different microenvironment) of the nitroxide radicals are resolved which are character-
ized by g,,(1) and g,,(2)

an intermediate regime with comparable Zeeman (g) and nitrogen hyperfine (A)
interaction contributions. The W-band EPR spectrum is dominated by the elec-
tron Zeeman interaction. It appears to be almost fully resolved exhibiting nitro-
gen hyperfine splittings in all spectral regions that are determined by canonical
principal g-tensor values. The hyperfine resolution is completely (g,, region) and
partially (g,, region) lost in the spectrum recorded at 244 GHz due to a significant
distribution of the g, values typical for the so-called “g-strain” effect observed
at higher Zeeman fields. In all frequency bands, the EPR spectra consist of two
spectral contributions from sub-ensembles (fractions (1) and (2)) stemming from
nitroxide fractions that are exposed to different microenvironments. These spec-
tral contributions are characterized by two distinct sets of magnetic parameters,
i.e., g- and A-tensor values.

The difference in A_, values manifests itself in an additional splitting of the
8...M; = —1 hyperfine line which is observed in all microwave bands. This split-
ting is not clearly visible in the 244 GHz spectrum depicted in Fig. 2 due to the
high-field-modulation amplitude used. It can, however, be resolved using appropri-
ate experimental settings (see Fig. S1 in SI).

The difference in g, values results in an additional splitting in the g, spectral
region which is most prominent at 244 GHz. The combined analysis of the multi-
frequency EPR spectra yields the complete sets of g- and A-tensor principal val-
ues; they agree with those obtained from the analysis of W-band cw EPR spectra
we reported previously [63], see Table 1. The spectral intensities of the two con-
tributions yield the relative weights of the nitroxide subensembles (1) and (2) of
0.40+0.02 and 0.60+0.02, respectively. It is noted that neither sample preparation
nor freezing conditions influence the fractional weights.

Additionally, the distribution of the g, -tensor values in both nitroxide frac-
tions, (1) and (2), is deduced from analysis of the 244 GHz spectrum: The Gaussian
FWHM distribution widths of 6g_(1) = 1.9-10* and 6g_(2) = 2.1-107* are equal
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Table 1 Magnetic parameters of R1-D ¢ nitroxide radicals in frozen 2-propanol-Dg and ortho-terphenyl
(OTP) solutions as obtained from the analysis of the multi-frequency cw EPR, W-band ESEEM and
W-band EDNMR spectra

14 -
N [Ax,\’ A)‘y’Azz] / [gxx’ gy)w 822] I4N [Ptxs Pyy’ PZZ]/ Fraction
MHz -2/107° MHz
2-propanol (1) 12.07; 12.07; 93.16 9109; 6196; 2185 +1.26;+0.51;—-1.77 04
2-propanol (2) 13.24; 13.30; 99.68 8432;6062; 2185  +1.23;4+0.39;—1.62 0.6
ortho-terphenyl* 12.10; 12.18; 94.67 9050; 6150; 2198  +1.26;+0.48;—1.74 1

*The magnetic parameters for OTP/benzene are adopted from our previous studies [63, 70, 80]

cw EPR signal
cw EPR-signal (derivative)

1 1 1 1 1 1 1
3374 3378 3382 3386 3390 3394 3391 33915 3392 33925
By /mT By /mT

Fig.3 a Experimental W-band cw EPR spectra of 1 mM R1-D nitroxide in frozen 2-propanol-Dg
(black trace) and 2-propanol-D;(OH) (blue trace) solutions at 90 K. b The first-derivative of cw EPR
spectra in the g_, M; = —1 spectral region (color figure online)

within experimental error of +1-107 (see Fig. S2b in SI). Thus, the microenvi-
ronment of both nitroxide fractions appears to be equally well defined, which is in
agreement with our previous study [63].

The cw EPR spectra shown in Fig. 2 do not allow to infer the nature of the two
nitroxide subensembles in frozen 2-propanol, which differ only in the hydrogen-
bond situation of the nitroxide radical with respect to the solvent molecules. A firm
assignment can only be made indirectly by comparing the magnetic parameters
of both fractions with those obtained in a nonpolar, aprotic matrix such as ortho-
terphenyl (OTP)/benzene matrix [63], see Table 1. However, additional cw EPR
experiments provide supporting insights: Fig. 3 compares the W-band cw EPR spec-
tra of nitroxides recorded in 2-propanol-Dg and 2-propanol-D,(OH), respectively.
Changes are observed in the g, spectral range. Hypothetically, they could be inter-
preted as an equilibrium shift between the nitroxide fractions toward one subensem-
ble with smaller A, value. This, however, would be in contradiction to the fact that
the EPR spectra are in very good agreement in the g, region. The comparison of
the g..,M; = —1 cw EPR line in derivative form, Fig. 3b, shows that only the line
with higher A_, values is affected. The changes stem from an additional splitting
caused by hyperfine interaction with the OH proton, which is close to the difference
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Fig.4 a X-band HYSCORE spectrum of 1 mM R1-D g4 nitroxide in frozen 2-propanol-D;(OH) solu-
tion at 60 K. b Field-swept echo-detected EPR spectrum with the magnetic field position and microwave
excitation band width for HYSCORE recording indicated. ¢ Extended view of the HYSCORE spectrum
around the 'H Larmor frequency in squared-frequency axes representation

between both A, values. The analysis of Q- and W-band spectra (g, M; = —1 line)
yields for this proton a hyperfine splitting of 4.5 +0.3 MHz (see Fig. S3 in SI). Thus,
the nitroxide faction (2) must be assigned to nitroxides forming a hydrogen bond to
the solvent.

At this point, cw EPR spectroscopy has exhausted its possibilities for structure
determination because it is not capable to provide, to first order, exact “N quad-
rupole values, P;, for both nitroxide subensembles, (1) and (2). Hence, additional
W-band ESEEM experiments were performed to obtain P, principal values (see
Fig. S4 in SI). In combination with our recent results from ELDOR-detected NMR
experiments in which exact P_, were measured [63], all quadrupole principal values
for both fractions were obtained, see Table 1.

4.1.2 X-band HYSCORE Experiments

Figure 4a shows an X-band HYSCORE spectrum of R1-D¢ in 2-propanol-D,(OH)
recorded at the Zeeman field position indicated in Fig. 4b at 60 K. The spectrum is
dominated by the deuterium spectral contributions centered around the D nuclear
Larmor frequency of 2.2 MHz in the (—,—) and (+,+) frequency quadrants. Addi-
tional signals appear around the 'H nuclear Larmor frequency in the range between
10 and 20 MHz. They form the ridges which are characteristic for protons with
strong dipolar hyperfine coupling, see Fig. 4c.

The HYSCORE spectra were analyzed using the method of Dikanov and Bow-
man [81]. This analysis yields for 'H the parameters |a,, + 7/2| = 3.5+0.1 MHz
and |T| = 5.9+0.1 MHz, for details see SI. Taking into account that for the elec-
tron—proton interaction the parallel principal value of the dipolar tensor is positive (T
=+5.9+0.1 MHz), two possible isotropic hyperfine values, a;,, = +0.6+0.2 MHz
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Fig.5 The experimental Q-band Davies-type H-ENDOR of 1 mM R1-D,¢ in 2-propanol-D,(OH)glass at
60 K in contour plot representation. The contour lines are shown as isohypses from 0.05 to 1 of the maxi-
mum ENDOR signal intensity of the coupled proton. The trace on top shows the 2-pulse echo-detected
Q-band EPR spectrum in first-derivative representation with the principal nitroxide g-tensor components
with respective nitrogen hyperfine splittings indicated (in green, blue and red). The trace on the right side
shows the powder-type ENDOR spectrum integrated over the field axis. The pulse settings of Davies-
type ENDOR experiments are t,(pump)=200 ns, tgp=20 ps, t,,(det.)=32 ns; averages per point 160,
pulse repetition rate 500 Hz, number of field points 40

and a;,, = -6.5+2 MHz, are derived from the above relations. A selection of the
proper set of evaluated parameters cannot be based solely on the HYSCORE spec-
tra. Thus, HYSCORE spectroscopy allows to obtain only the principal value of the
dipolar hyperfine tensor, but delivers neither the proper value of the isotropic hyper-
fine coupling nor allows one to quantify possible non-axiality of a dipolar hyperfine
tensor. Thus, the more direct ENDOR spectroscopy is required as a method to over-
come the limitations of HYSCORE and to provide more precise information on the
bonding situation.

4.1.3 Multi-frequency ENDOR Experiments

As next step, ENDOR experiments at X-band were performed. Unfortunately, in the
center of the nitroxide EPR spectrum, the Davies ENDOR responses from bonded
protons strongly overlap with intense signals caused by the A,,, A,, YN hyperfine
interaction (see Fig. S5b in SI). This makes the ENDOR traces difficult to analyze.
Two well-resolved ENDOR lines positioned around the proton Larmor frequency
can be detected at the low- and high-field spectral edges. They are determined by the
high z-axis orientation selectivity of the A__ nitrogen hyperfine coupling (see Fig. S5
in SI). The proton hyperfine coupling of 4.55+0.10 MHz is in good agreement with
the value of 4.5 MHz obtained from the analysis of the cw EPR line shape at the
8..»M; = —1 spectral position.
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In contrast to ENDOR at X-band, at Q-band microwave frequency, the proton and
nitrogen hyperfine contributions are disentangled. The Davies-type H-ENDOR spec-
trum of R1-D 4 in 2-propanol-D,(OH) is shown in Fig. 5 in contour plot representa-
tion. The spectrum reveals several contributions. The minor contributions are (i) the
intense matrix line at the proton Larmor frequency (v,('H)=51.5 MHz at 1.21 T)
which shows some structure due to coordinated 2-propanol molecules in the second
nitroxide solvation sphere, and (ii) additional narrow lines below +2 MHz around
v,(\H) due to unsubstituted internal nitroxide protons (see Sect. 14 in SI). The main
contribution represents the typical dipolar pattern (“butterfly”’) of a dipolar coupled
proton. It contains pronounced ridges at about+2 MHz around v, (' H) spread over
the whole spectral range. An additional ridge of lower intensity with singularities at
about+6.2 MHz is formed in the g, — g,, spectral range, see Fig. 5. Both features
are ascribed to perpendicular and parallel components of the proton dipolar hyper-
fine tensor, respectively. The perpendicular ridge is exclusively observed at the g_.
field position between the middle-field (M; = 0) and high-field (M, = —1) spectral
regions. Thus, the hydrogen-bonded proton must lie in the x—y plane of the nitroxide
g-tensor axes system, i.e., the declination angle, €2, is very close to 90°, indicating a
o-type hydrogen bond, see Fig. 1b. A hyperfine coupling value [A,/=4.6+0.1 MHz
is obtained in g__ position. This agrees with the value derived from the cw EPR and
X-band ENDOR spectra. A parallel dipolar coupling value of |A4;/=12.4+0.1 MHz
is obtained from evaluation of the parallel ridges. At Q-band microwave frequency
the nitroxide EPR spectrum is not fully resolved because A_, ~ Ag/g - v, see Fig. 5
top panel. Thus, neither the azimuthal angle, nor the A,, hyperfine coupling value
can be reliably obtained from the Q-band ENDOR spectrum.

The spectral resolution is significantly improved in W-band ENDOR. At W-band,
the nitroxide EPR spectrum is completely disentangled in terms of the electron Zee-
man interaction, i.e., the g-tensor. Figure 6a shows the W-band Davies H-ENDOR
spectrum of the same sample solution used in the Q-band ENDOR experiment. The
W-band spectra of the two nitroxide fractions become resolved at the g, spectral posi-
tion. Only ENDOR responses from the remote protons (summing up as “matrix line”
at the proton Larmor frequency, v,(H)) are detected at g,,(1), see Fig. 6a. This sup-
ports our conclusion drawn from the cw EPR results that the first nitroxide fraction has
to be ascribed to free R1 radicals, i.e., without an H-bond to 2-propanol. In analogy
to Q-band ENDOR, the pronounced perpendicular hyperfine ridges at about +2 MHz
around v, (H) are spread over the whole spectral range. The parallel ridge singularity
at +£6.2 MHz appears at the well-defined parallel magnetic field position, B, between
the B, and By field values, see Fig. 6a, which correspond to the g, and 8yy canonical
positions, respectively.

At this point, a few additional words regarding Zeeman orientation selection at
high magnetic fields are appropriate: EPR at By, selects only those orientations of
the nitroxides in frozen solution for which the field director is tilted by the azimuth
angle away from the x-axis in the x—y plane of the radical, Fig. 1b. The orientation
selection for the parallel dipolar coupling is given by the relation [68] (which acts as
an orientation selector):
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Fig.6 a The experimental W-band Davies-type H-ENDOR of 1 mM R1-D ¢ in 2-propanol-D,(OH) glass
at 60 K. The contour lines are shown as isohypses scaled from 0.05 to 1 of the maximum ENDOR inten-
sity of the bonded proton. The trace on the top shows the 2-pulse echo-detected W-band EPR spectrum
in first-derivative form. The pulse settings of Davies-type ENDOR experiments are t (pump)=200 ns,
trp=20 s, t,,(det.)=32 ns, averages per point 100, pulse repetition rate 400 Hz, number of field points
40. The vertical dotted line marks the magnetic field position corresponding to g, (1) of the radical frac-
tion without hydrogen bond. b The experimental W-band Mims-type D-ENDOR of 1 mM R1-H4 in
2-propanol-D,(OD) glass at 60 K. The contour lines are shown as isohypses from 0.05 to 1 of the maxi-
mum ENDOR intensity. The trace on the top shows the 2-pulse echo-detected W-band EPR spectrum in
first-derivative form. The pulse settings of Mims-type ENDOR experiments are t,,, =32 ns, tgr=30 ps,
averages per point 100, pulse repetition rate 400 Hz, number of field points 40. The spectrum is the aver-
age of two ENDOR spectra acquired with =250 ns and 400 ns. Note, the RF frequency axis is scaled
by the proton-to-deuterium nuclear g-value ratio of 6.51

200, 9)* = (gix -cos? @ + giy - sin? (p) -sin® 0 + gi -cos> 0 3)

Thus, the parallel responses at the parallel frequency v, will show up at the paral-
lel resonance-field position B within the nitroxide EPR spectrum where the electron-
nuclear dipolar vector coincides with the direction of the external magnetic field, i.e.,

0 = O and @ = ®. Hence, the parallel hyperfine response is appearing at a unique par-
allel EPR resonance-field position

_ h‘VO
T W0=0.0=0) 1, @)

By,

Taking into account that the hydrogen-bonded proton lies in the x—y plane of the
g-tensor frame, i.e., ® = 0, Eq. (4) can be simplified to

2
) Mg - B
2 2 2 2d —
g~ -cos d>+gyy~s1n (D_<h-v0 %)

Using the EPR resonance condition for g, and gy, i.e., & - Vo = &yy(yy) = Hp"Byy) the
azimuth angle can be calculated from the ratio of the resonance-field differences
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Fig.7 Top and side views of
the energy-optimized structure
of the R1/2-propanol complex.
The principal directions of the
calculated nitroxide g- and
bridged proton hyperfine tensors
are indicated

=
J

o=

-
B,—-B

. Il

sin’ @ = B Bx (6)

y x

This ratio can easily be determined from the EPR spectrum even without knowl-
edge of the absolute magnetic field values, provided linearity of the magnetic field
sweep is secured. The field coordinate of the parallel hyperfine response is shifted
by B — B, = 1.9+£0.2 mT from the g,, resonance position. The difference between
the g, and 8,y resonance fields, By — B, =4.0+0.1 mT, was determined from an
echo-detected EPR spectrum that was recorded after the ENDOR experiment. It is in
good agreement with the value 3.96 mT calculated using the principal g-tensor com-
ponents deduced from the cw EPR spectrum, i.e., [g,; gyl= [2.00843; 2.00606],
and the actually used microwave frequency v, = 93.99 GHz. Thus, from the result-
ing equation sin’® = 0.47+0.05, the azimuth angle ® = 43+3° (or 137+3°) can
be calculated. Additionally, the missing 'H hyperfine value of 14,,] =5.5+0.1 is
evaluated from the ENDOR slice at the B position because it coincides with the A3
direction at @ ~ 45°.

Thus, W-band ENDOR allows to obtain the complete 'H hyperfine tensor of
the hydrogen-bonded proton. Taking into account the positive sign of the nuclear
g-value of the proton, g, > 0, also the signs of the hyperfine tensor principal val-
ues can be derived, i.e., [A;}, Ay, A33]=[—4.6, =5.5,4 12.4] MHz. The direction of
A, is collinear with the direction of g__, see Fig. 7. The A; director is rotated with
respect to the g, direction by 137°, using the A;; axes shown in Fig. 7.

Figure 6b shows the Mims-type ENDOR spectrum of R1-H,, in 2-propanol-
D,(OD), ie., the ENDOR spectrum of R1 with hydrogen-bonded deuterium. The
line shape reproduces that of the proton ENDOR spectrum of R1-D,4 in 2-propanol-
D,(OH). However, all singularities are split due to the deuterium (I=1) quadrupole
interaction. The analysis of the D-ENDOR spectrum allows one to determine the
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Table 2 Experimental and calculated (B3LYP/IGLO-III, COSMO)® magnetic parameters of the hydro-
gen-bridged proton (deuterium) in the R1/2-propanol hydrogen-bonded complex

Nuclei: Parameter Experimental values Calculated values

H: [A,}, Ay, Ay3] /MHz -4.6,-5.5,412.4+0.1° —4.54,-5.34,+11.08
H: a;,; T /MHz; +0.76;+5.82; 0.077 +0.40;+5.34; 0.075

D: [A,}, Ay, Ay3] /IMHz —0.70,-0.85,+1.90+0.01° -0.70,-0.82,+1.70

D: [P}, Py, P33] /IMHz —0.053,-0.047,+0.100 +0.003% —0.079,-0.057,+0.136

“for the results of calculations using different basis sets, see SI

PExperimental errors for hyperfine and quadrupole tensor components, see Fig S6 in SI

complete quadrupole tensor, P, and also to verify and refine the hyperfine tensor values,
see Fig. S6 in SI. The results are summarized in Table 2. The simulations performed
using the experimental values from both the deuterium and proton ENDOR spectra are
in perfect agreement with the experimental recordings (see Figs. S7-9 in SI).

4.1.4 DFT Results

In this section, we compare the magnetic interaction parameters of the R1/2-propanol
complex and unbound R1 with parameters obtained from state-of-the-art DFT calcula-
tions with the aim to support the analysis of our experimental observations.

4.1.4.1 H-bond Geometry Figure 7 shows the energy-optimized structure of R1 coordi-
nated with 2-propanol (for atomic coordinates, see SI). The H-bonded bimolecular sys-
tem represents a o-type complex in which the hydrogen bond is formed with participa-
tion of the lone-pair electrons on the oxygen atom of the nitroxide radical. No difference
was found for the two complex isomers with mirrored position of the 2-propanol mol-
ecule with respect to the hydroxymethyl group of the nitroxide. The calculated hydrogen
bond lies in the plane of the nitroxide ring. The structure is characterized by a hydrogen
bond length of R,.;y=0.191 nm, an almost linear H-bond with (OH:--O)=178°. The
hydrogen bond forms an angle of (NO---H)=130° which is close to the 120° expected
for the sp® hybridized nitroxide oxygen [10]. The calculated H-bond geometries can be
compared with the results of extensive DFT calculations on the p-benzosemiquinone
radical anion coordinated with water molecules and various alcohols [25]. In general,
the obtained H-bond angles are in good agreement with these calculations. The H-bond
lengths are, however, much shorter for the radical anion than for the neutral radical
due to the charge-dipole interplay. However, the H-bond length (0.191 nm) agrees well
with that calculated for the neutral p-benzoquinone coordinated with a water molecule
(0.195 nm) [25] and for different nitroxides coordinated with alcohols or water, for
which the values range from 0.177 nm to 0.194 nm [59-61, 82, 83].

4.1.4.2 Magnetic Parameters of the Bridging Proton (Deuterium) The calculated
principal directions of the bridged proton hyperfine tensor are shown in Fig. 7 over-
laid with the molecular structure of the nitroxide complex together with its g-tensor
axes. The calculated A, direction is perfectly collinear with the g -direction and both
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Table 3 Experimental and calculated (B3LYP/IGLO-III, COSMO)* magnetic parameters of nitroxide
R1 in the unbound form and the R1/2-propanol complex

Parameter Experimental values Calculated values
R1--HO (8> 8y 8212 /107° 8432, 6062, 2185 8453, 6050, 2155
8iso-2 1107° 5560 5553
YN: a,,,; T /MHz 42.07;28.80 29.60; 29.20
YN: e2g - h~'Q /IMHz; —3.240; 0.52 —3.852;0.57
R1 (8> 8y 8212 1107° 9109, 6196, 2185 8900, 6248, 2118
8iso-2 11070 5830 5755
YN: a,,,; T /MHz 39.10; 28.20 28.3; 28.20
N: e2g - i~'Q /MHz; n —3.54;0.43 —3.96; 0.49

*For the results of calculation using different basis sets and for all principal values, see SI

directions are perpendicular to the OH---ON plane. The angle between the hyperfine
3-axis and g, -axis is 137.7° with the hyperfine x-axis rotated toward the nitroxide
nitrogen which carries substantial spin density. This angle is in very good agreement
with the angle of (137+3)° obtained experimentally. Thus, we conclude that the
real molecular structure of the R1/2-propanol complex should be very similar to that
depicted in Fig. 7. The calculated principal values of the hyperfine and quadrupole
tensors of the bridging proton (deuterium) for R1 coordinated with 2-propanol are
summarized in Table 2 (for details see SI). The experimental asymmetry (thombic-
ity) parameter of the dipolar hyperfine tensor, # = 0.077 +£0.001, is well reproduced
by the calculations, # = 0.075. The calculated principal values of the 'H hyperfine
tensor are somewhat smaller than the experimental ones; thus, the isotropic coupling
is underestimated. The calculated principal directions of the bridge-deuterium quad-
rupole tensor coincide within 6° with the corresponding hyperfine tensor directions
(for details, see SI), in agreement with experiment. The respective quadrupole tensor
values for the deuterium in the bridge are, however, somewhat overestimated by the
calculation leading to a rather poor agreement of the nuclear quadrupole coupling
and asymmetry parameter values.

4.1.4.3 Nitroxide Radical Magnetic Parameters The calculated and experimental
magnetic parameters of the nitroxide for the R1/2-propanol complex and the unbound
R1 radical are summarized in Table 3. The calculated principal directions of the
nitrogen hyperfine and quadrupole tensors are collinear with the corresponding direc-
tions of the g-tensor agreeing within 2°; this supports our previous experimental find-
ings [63]. As expected, the isotropic g-factor, g;,,, decreases upon formation of the
complex. This is caused by a shift of spin density from O to N in the nitroxide upon
formation of the hydrogen bond (note, oxygen has a larger spin orbit coupling than
nitrogen). The calculated g, difference of 2.0-10~°, however, is somewhat smaller
than the experimental difference of 2.7-107. The calculation yields an axially sym-
metric dipolar '*N hyperfine tensor in agreement with experiment. The experimental
and calculated principal dipolar N hyperfine tensor values, T, agree to first approxi-
mation. The increase of T by 0.6 MHz (experiment) and 1.0 MHz (calculation) is
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consistent with the increase of electron spin density at the '*N upon formation of the
H-bond and consistent with the increase of the isotropic '*N hyperfine coupling, Qs
by 3 MHz (experiment) and 1.3 MHz (calculation). Both the difference and the a;,,
values are underestimated in the calculation. In contrast, the magnitude of the princi-
pal quadrupole values, Iezq - h~'Ql, are overestimated, and the difference is underes-
timated. The calculated quadrupole asymmetry parameter and its change upon com-
plex formation agree with the experimental values. In general, the calculation results
are in agreement with the results of our previous investigations [70]. However, the
lack of accuracy in the calculations indicates that a larger model system with inclu-
sion of the solvent shell is necessary to obtain a better agreement between calcula-
tion and experiment (e.g., attempts in ref. [25], on benzoquinone). There is also the
possibility that the hydroxymethyl group of the nitroxide is involved in additional
interactions with the solvent matrix (e.g., via H-bonding) changing the geometry of
the bimolecular complex. This has so far not been taken into account.

4.2 Nitroxide R2, the Six-Membered Ring System

Besides some small disagreements between the interaction-parameter values
obtained by DFT calculations and experiments, the o-type structure of the R1/2-
propanol complex, as shown in Fig. 7, is considered a solid result. This conclusion,
however, is in contradiction to several previous reports on nitroxide radicals in the
literature. For example, liquid-solution NMR studies of nitroxide radicals dissolved
in alcohols revealed proton hyperfine couplings interpreted with a m-type structure
of the complex [66, 67]. Also, the recent W-band ENDOR study of the nitrosodi-
sulfonate anion (Fremy salt) in binary methanol/water solution favored a =-type
complex [84]. On the other hand, a o-type complex has been derived from D-band
(130 GHz) ENDOR experiments of a protonated nitroxide radical (the lipid bilayer
spin probe 5-doxyl stearic acid) in different OD-labeled alcohols [85]. Notably, the
reported D-band (130 GHz) ENDOR spectra did not resolve a deuterium quadrupole
splitting which, however, is clearly resolved in the W-band ENDOR spectrum of
the R1/2-propanol complex, Figs. 6b and S6 in SI. Moreover, the hyperfine param-
eters of the bridged deuterium derived from the D-band ENDOR spectra simulation
[85], [Ay}, Ay, A33l=[0.72, 1.60,—1.76] MHz, strongly disagree with the values
obtained for the R1/2-propanol complex, see Table 2.

An obvious explanation for such discrepancies could be a dependence of the
geometry of the radical-solvent complex on the molecular structure of the nitrox-
ide radical. In contrast to the R1 nitroxide, characterized by the near planarity of
the five-membered ring with a negligibly small bending angle of the NO bond with
respect to the ring plane, the radicals employed so far in NMR and EPR studies
have non-planar structures with a larger NO bond angle with respect to the C-N-C
(or S-N-S for nitrosodisulfonate anion) plane. To check this hypothetical explana-
tion, we performed a W-band ENDOR study of the radical R2 in 2-propanol. The
R2 radical is one of the typical nitroxides frequently employed in previous EPR and
NMR investigations. The chair conformation of the six-membered ring radical R2
has an out-of-plane bending angle of 19° with respect to the adjacent C-N—C plane.
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Fig.8 a Experimental W-band proton Davies ENDOR of 1 mM R2-D,; in 2-propanol-D,(OH) glass at
60 K. The contour lines are shown as isohypses from 0.05 to 1 of the maximum ENDOR intensity of the
coupled proton contribution. The horizontal dotted and dashed lines mark the frequency positions of par-
allel and perpendicular hyperfine responses of the bridged proton in a o-type complex The trace on the
top shows the 2-pulse echo-detected W-band EPR spectrum in first-derivative form. The pulse settings of
Davies-type ENDOR experiments are t,(pump) =200 ns, tzr=20 ps, t ,(det.)=32 ns, averages per point
160, pulse repetition rate 500 Hz, number of field points 40. (b, ¢) Energy optimized structures of c- and
n-types of the R2/2-propanol complex. The protons, except for the bridged one, are omitted for clarity.
For details, see text

Our previous W-band cw EPR and ELDOR-detected NMR investigations of R2
in 2-propanol showed a similar situation as for R1 in 2-propanol [63]. Two different
nitroxide subensembles in the EPR and EDNMR spectra were clearly distinguished.
R2 reveals a slightly smaller fraction (0.5 vs. 0.6 for R1) of radicals with a lower g,
(higher A_)) value. Figure 8a shows the Davies ENDOR spectrum of 1 mM R2-D;
in 2-propanol-D,;(OH) frozen solution recorded at 60 K. Analogous to R1-D4 in
2-propanol-D;(OH), ENDOR responses of strongly coupled protons appear only at
the field position corresponding to the radical fraction with the lower g, -value. Per-
pendicular ridges, at the same frequency positions as in the R1 case, are observed
across the EPR spectral range, see dotted horizontal lines in Fig. 8a. The distribution
of ENDOR intensities of R2/2-propanol at higher frequencies differs substantially
from that of the R1/2-propanol ENDOR, Fig. S10 in SI. The ENDOR intensities are
spread over the whole EPR spectral range. However, the singularities at+6.4 MHz
can be recognized at the same spectral position between g, and g,,, see dashed hori-
zontal lines in Fig. 8a and Fig S10 in SI. Additional singularities at about+7.6 MHz
are shifted toward the g_, spectral position. The last singularities are ascribed to par-
allel responses of the R2/2-propanol complex which has a different geometry com-
pared to the R1 case. The corresponding perpendicular responses are not observed.

Thus, the R2/2-propanol ENDOR spectrum is interpreted as a mixture of at
least two proton ENDOR spectra of complexes with different geometry. The first
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contribution to the R2/2-propanol ENDOR spectrum with principal proton hyper-
fine coupling values [A,;, Ay, A33]=[—4.6, =5.9, 12.8]+0.2 MHz and the azimuth
angle @ = 135+ 5°, which is very close to the values of the R1/2-propanol complex,
is ascribed to a o-type complex.

For the second contribution to the R2/2-propanol ENDOR spectrum in Fig. 8a,
the magnetic interaction parameters of this complex cannot be reliably extracted
from the ENDOR responses. Hence, for R2/2-propanol, additional DFT calculations
were performed at the same level as for the R1/2-propanol case (see Sect. 4.1.4). The
energy optimization of the complex always resulted in a o-type structure with an
almost linear H-bond with (OH...0) = 175°, (NO...H) ~ 133° and a hydrogen bond
length of Ry 1;=0.191 nm, see Fig. 8b. However, four conformers with respect to
the nitroxide hydroxyl group and to the nitroxide chair plane are very close in energy
(within + 0.4 kJ/mol). The calculated principal hyperfine values of the bridged pro-
ton are slightly different for different conformers, having the hyperfine tensor com-
ponents of [A}, Ay, As]=[-6.1, —6.8,4+11.8] MHz within+0.3 MHz, and are
close to those of the R1/2-propanol complex, see Table 2. The calculated principal
hyperfine directions with respect to the nitroxide g-tensor frame differ also slightly
for all conformers. The calculated azimuth angle falls, however, in the error range of
experimental value of @ = 135+ 5°.

The calculated ENDOR spectrum using DFT hyperfine tensors agrees well with
the experimental ENDOR spectrum when considering the contributions of the
o-type R2/2-propanol fraction, see Fig. S12a in the SI. We note that the experimen-
tal ENDOR responses are much broader for R2/2-propanol than for R1/2-propanol,
which becomes obvious from a direct comparison of the ENDOR spectra, see Fig.
S11 in SI. Presumably, this broadening is caused by the larger number of conform-
ers of the R2/2-propanol complex and/or a larger matrix effect of bulk solvent mol-
ecules on the non-planar R2 structure that results in a distribution of hyperfine cou-
pling values and directions.

To calculate the probability of other types of structures of R2/solvent complexes,
the starting geometry was selected to be close to n-type, and the total energy opti-
mization was restricted to a range of angles=+30° around the initial position, i.e.,
the proton directly over the p, orbital of the oxygen atom. As a result, the ener-
gies of the calculated structures converge reproducibly to the local energy minimum
close to that of a n-type structure with a hydrogen bond length of R, ;;=0.191 nm,
(OH---0) ~ 170°, (NO---H) = 111° and = 70° out of the oxygen c-orbital plane, see
Fig. 8c. The energy of the n(O)-type complex is, however, about 14 kJ/mol higher
then that of the 6-complex. Thus, a very low population of the n(O)-type complex is
expected (0.3% at 298 K). The calculated principal hyperfine tensor values of [A,,
Ag, A3l =[—13.60,-12.29,+ 14.34] MHz show significant negative electron spin
density on the bridged proton, a;,, = —3.85 MHz. The calculated values agrees well
with the result of ab initio calculations for n-type R2/water complex ([A;;, Ay, As3]
=[-12.60,-11.8,+14.2] MHz, a,,, = —3.38 MHz) [86]. Moreover, these values
are close to [—14.6,—14.3,+15.1] MHz obtained for R2-D; in the single crystal
diamagnetic host (4-hydroxy-2,2,6,6-tertamethylpiperidine) from the analysis of
Q-band cw EPR spectra [87]. The larger A;;-value agrees also with the frequency
position of the second parallel singularity observed in our experimental ENDOR
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spectrum. However, the linear combination of ENDOR spectra using DFT hyperfine
tensors of both complex types does not fully reproduce the experimental spectrum
(see Fig. S12 in SI). This is surprising because from the comparison of experimen-
tal and calculated ENDOR intensities the two fractions of complexes should be of
comparable magnitude. Thus, the formation of the n-type complex looks to be dubi-
ous considering the above DFT results. We note, however, that the calculated struc-
ture was optimized in vacuo. Bulk solvent molecules may affect the structure of the
nitroxide itself, and as result the structure of the R2/solvent complex and the energy
gap between the o and ® complex types may be changed.

The ENDOR and DFT data thus obtained show substantial differences between
the R1/2-propanol and R2/2-propanol complexes. The structure of the unique c-type
R1/2-propanol is well defined mostly because of the planarity of the nitroxide ring
and the minor influence of other solvent (bulk) molecules on the geometry of the
complex. The R2/2-propanol complex exists in at least two conformations of com-
parable fractions, both with less defined geometry than the c-type complex of R1 in
2-propanol. This might explain the discrepancy of the interpretations of high-field
ENDOR results published in the past on this system [84, 85].

As a final note, we want to compare the measurements performed at room tem-
perature using NMR with the EPR/ENDOR results performed on dilute frozen solu-
tions. Earlier evaluations of alcohol hydroxyl proton paramagnetic shifts induced by
formation of H-bond complexes with piperidine-type nitroxides (like R2) yielded
a negative proton isotropic hyperfine constant of about a;,, = —1.2 MHz at RT
[30, 35]. This observation is best explained by the formation of a mn-type complex
in which the proton hfc is rather large and negative. In case of a o-type (in-plane)
complex a very small positive hfc is obtained that changes sign only for very short
H-bonds (<0.165 nm) [25].

The proton isotropic hyperfine constant of — 1.2 MHz reported by NMR is much
smaller than the value of —3.85 MHz we have calculated for the n-type R2/2-
propanol complex by DFT and smaller than other values calculated previously by
ab initio methods [86]. To shed light on this problem, we performed additional
NMR measurements in liquid solution detailed in the SI. For both radicals, the pos-
itive NMR contact shift obtained for the hydroxyl proton of 2-propanol indicates
a negative isotropic proton hyperfine coupling. However, the |a;,| value estimated
from the NMR contact shifts in R1/2-propanol is about a factor of 4.5 smaller than
that of R2/2-propanol (see SI). Furthermore, the negative sign of a,, in R1/2-pro-
panol disagrees with the positive proton isotropic coupling in the o-type R1/2-pro-
panol complexes detected by EPR/ENDOR in frozen solution. This problem could,
however, be solved by assuming a dynamic formation of both ¢ and ®© complexes
with different equilibrium constants in the liquid solution at room temperature. If
only formation of ¢ and © complexes is assumed for the R1 radical, the equilib-
rium has to be shifted toward the c-complex formation to compensate the large neg-
ative contact shift due to the m-complex formation by the small positive value of
the o-complex. Thus, both radicals R1 and R2 have to form both o-type and w-type
short-lived dynamic complexes in liquid solution at RT. In frozen solution, however,
solvent dynamics and internal motion of the nitroxide radical, for instance, out-of-
plane motion of the nitroxide oxygen [80], are prohibited or largely restricted. As a
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result, upon slow (in comparison with the lifetime of the complex in liquid solution)
cooling the o-type R1/2-propanol complex is stabilized and exclusively detected by
ENDOR at low temperatures.

It is important to note, that the results of our NMR experiments are in good agree-
ment with findings of previous liquid-solution NMR studies [88] that showed signif-
icantly smaller but still negative a;,,, values for a planar 6-membered ring nitroxide
(2-0xo-TEMPO) complexed with ionol as compared to the nonplanar R2.

5 Conclusion

Multi-frequency multi-resonance EPR and ENDOR investigations of two structur-
ally different nitroxide radicals hydrogen-bonded with 2-propanol are presented.
The planar five-membered ring system of a pyrroline-type nitroxide radical, R1, was
found to form exclusively a well-defined in-plane o-type hydrogen-bonded complex
with a solvent molecule in frozen 2-propanol solution. The experimental hyperfine
parameters of the H-bridge proton and of the internal magnetic interaction param-
eters (g-, hyperfine-, quadrupole-tensor components) of R1 are in good agreement
with values predicted by state-of-the-art DFT calculations. In contrast, the non-pla-
nar six-membered ring system of a piperidine-type nitroxide radical, R2, was found
to form a mixture of less well-defined o-type with presumably n-type complexes,
both types of complexes contributing with comparable fractions. The DFT calcu-
lations of the magnetic interaction parameters show satisfying agreement with the
experiments for nitroxide R1 interacting with 2-propanol but failed to predict trusta-
ble parameters for R2, probably due to the substantial flexibility of the nitroxide and
its hydrogen-bonded complexes. Obviously, this failure is due to the limited model
used in the calculations, which did not include the impact of the second solvation
shell.

We conclude that high-field ENDOR in conjunction with DFT calculation is the
method of choice for the investigation of hydrogen bonding of nitroxide radicals.
We believe that the new information about hydrogen bonding of nitroxide radicals
will allow to improve the prediction methods for investigation of nitroxide-labeled
(bio)-macromolecules (DEER rotamer library [89]) and also lead to a better under-
standing of the dependencies of Overhauser DNP [90] enhancement factors on the
structure of nitroxides [91].

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/500723-021-01442-y.
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