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Abstract
Q-band and X-band pulsed electron paramagnetic resonance spectroscopic methods

(EPR) in the solid state were employed to refine the parameters characterizing the aniso-

tropic interactions present in six nitroxide radicals prepared by N,N addition of NO to various

borane-phosphane frustrated Lewis pairs (FLPs). The EPR spectra are characterized by

the g-anisotropy as well as by nuclear hyperfine coupling between the unpaired electron

and the 11B/10B, 14N and 31P nuclear magnetic moments. It was previously shown that con-

tinuous-wave spectra measured at X-band frequency (9.5 GHz) are dominated by the mag-

netic hyperfine coupling to 14N and 31P, whereas the g-tensor values and the 11B hyperfine

coupling parameters cannot be refined with high precision from lineshape fitting. On the

other hand, the X-band electron spin echo envelope modulation (ESEEM) and hyperfine

sublevel correlation (HYSCORE) spectra are completely dominated by the nuclear hyper-

fine coupling to the 11B nuclei, allowing a selective determination of their interaction param-

eters. In the present work this analysis has been further validated by temperature

dependent ESEEMmeasurements. In addition, pulsed EPR data measured in the Q-band

(34 GHz) are reported, which present an entirely different situation: the g-tensor compo-

nents can be measured with much higher precision, and the ESEEM and HYSCORE spec-

tra contain information about all of the 10B, 11B, 14N and 31P hyperfine interaction

parameters. Based on these new results, we report here high-accuracy and precision data

of the EPR spin Hamiltonian parameters measured on six FLP-NO radical species embed-

ded in their corresponding hydroxylamine host structures. While the ESEEM spectra at Q-

band frequency turn out to be very complex (due to the multinuclear contribution to the over-

all signal) in the HYSCORE experiment the extension over two dimensions renders a better
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discrimination between the different nuclear species, and the signals arising from hyperfine

coupling to 10B, 11B, 14N and 31P nuclei can be individually analyzed.

Introduction
Recent work in the field of organic catalysis has revealed the remarkable reactivity of Frustrated
Lewis Pairs (FLP) [1]. FLPs are molecular systems comprising both a Lewis acid and a Lewis
base center, which would normally result in the formation of a covalent bond. If both Lewis
centers are connected to bulky substituents, however, the covalent interactions between them
are reduced (“frustration”), thereby imparting cooperative catalytic activity to the molecule.
FLPs are of great interest in catalysis (e.g. for H2 activation) and for forming adducts with the
ecologically problematic gases (CO, CO2, SO2, etc.) [2–6]. In particular, intramolecular FLPs
containing borane (Lewis acid) and phosphane (Lewis base) centers exhibit remarkable cooper-
ative binding of such small molecules. When exposed to nitric oxide these B/P FLPs form het-
erocyclic chemically and thermally stable free aminoxyl radicals, which are interesting optical,
magnetic and catalytic materials in their own right [5].

In previous work their liquid-state EPR and solid-state NMR properties have been studied
in detail [5,7]. We have recently also studied the anisotropic electronic hyperfine interaction
tensors in solid samples using DFT calculations and X-band EPR spectroscopy [8]. In princi-
ple, the solid-state EPR spectra are expected to be influenced by a multitude of parameters,
including the components of the g-tensor, the hyperfine coupling tensors describing the inter-
actions with the 11B, 10B, 14N, and 31P nuclei, and the electric field gradient tensors (EFG) at
the 11B, 10B and 14N nuclear sites. Because of this multitude of interactions, computationally
guided simulations are required for the proper analysis of the spectra. In our previous publica-
tion we have outlined a feasible strategy for the solid-state EPR characterization of this system
at X-band frequency, based on a detailed analysis of continuous-wave EPR lineshapes and
ESEEM and HYSCORE spectra, in conjunction with calculations from density functional the-
ory (DFT) [8]. The combination of the DFT calculations with EPR experiments is a powerful
tool for the determination of EPR tensor parameters and has been widely explored in the litera-
ture [9–15].

For the radicals examined in that work at X-band frequency, we found that the amplitudes
of the echo modulations caused by the strongly coupled 14N and 31P nuclei are considerably
lower than those caused by the hyperfine interaction with the 11B nuclei. This can be under-
stood to be due to a strong anisotropy of the hyperfine coupling tensor, leading to a wide dis-
persion of modulation frequencies in powdered samples. As a consequence of the product rule
[16], these weaker modulations are suppressed in the experimental spectra [17]. Along similar
lines, the 10B nucleus experiences a relatively strong quadrupolar interaction (CQ* 3 MHz),
which exceeds the 10B nuclear Zeeman frequency at X-band significantly. This renders the 10B
quadrupolar interaction dominant in the spin Hamiltonian. Again, because of strong aniso-
tropic dispersion effects in polycrystalline samples the 10B ESEEM signal becomes undetectable
in the presence of the 11B based signals [8]. Therefore the previously reported ESEEM and
HYSCORE experiments at X-band are completely dominated by the 11B spin Hamiltonian,
while the cw-EPR spectral lineshapes are mostly affected by the hyperfine interactions with the
31P and 14N nuclei, making cw and pulsed EPR techniques highly complementary. Unfortu-
nately, the cw spectra of these solid samples do not have enough resolution for an unambigu-
ous determination of the g-tensor components, which influence the EPR lineshape at X-band
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to a lesser extent. Also, no definitive information regarding the 14N quadrupolar coupling
could be obtained [8]. In order to validate and/or improve upon the previous results, in the
present work we have undertaken a Q-band EPR study for further characterization and refine-
ment of the spin Hamiltonian parameters in these FLPs. At the magnetic field strength (1.25 T)
corresponding to the Q-band frequency range, the 14N and 31P Larmor frequencies are higher,
getting closer to the values of the hyperfine coupling constants. In this condition, higher modu-
lation depths for these species are expected so that they may become detectable in the ESEEM
and HYSCORE experiments. Furthermore, at the higher field strength the impact of the g-
anisotropy upon the EPR lineshape will be increased, allowing for a more precise refinement of
the g-tensor parameters. The results obtained here will be compared with DFT calculations and
with our previously published X-band EPR results.

Finally, even though the X-band ESEEM spectra are exclusively affected by the hyperfine
coupling with the 11B nuclei, their simulation still requires the refinement of nine independent
parameters. As such a multi-parameter fitting approach can obviously lead to multiple solu-
tions, the guidance of these simulations by ab-initio calculations proved to be very important
[8]. During the course of these studies, we have observed a distinct temperature dependence of
the ESEEM spectra. This is not unexpected as molecular and lattice vibrations modulate both
the electron-nuclear hyperfine interactions and the local electric field gradients, producing a
monotonic decrease of the interaction strength with increasing temperature. This effect can be
used for further validation of the ESEEM fitting approach, if the simulation parameters of the
experimental data indicate such temperature dependent effects. This question is also examined
within the present study.

Theoretical Aspects of ESEEM Based Experiments

Three-pulse ESEEM
The standard one-dimensional ESEEM experiment used in the present study consists of a stim-
ulated echo, produced by a three-pulse sequence (tp)—τ—(tp)—T—(tp)–echo [16,18]. As T is
being incremented, nuclear hyperfine and electron-nuclear magnetic dipole-dipole couplings
produce a modulation of the echo envelope. The electron coherence order is zero during this
time interval, and the modulation thus arises from nuclear coherences [16]. Considering an
electron-nucleus S = ½, I = ½ spin pair with axial hyperfine tensor and isotropic g-tensor, and
ideal non-selective pulses, the echo envelope modulation formula is given by[16]

V3pðt;TÞ ¼ 1� k
4
f½1� cosð2pubtÞ�½1� cosð2puaðT þ tÞÞ�

þ ½1� cosð2puatÞ�½1� cosð2pubðT þ tÞÞ�g ;

k ¼ 1

2p
BnI
uaub

 !2

B ¼ ðAk � A?Þsin y cos y

ð1Þ

The quantities vα and vβ are the nuclear frequencies that correspond to the two electron
spin states α (mS = 1/2) and β (mS = -1/2). vI is the nuclear Larmor frequency, A? = Axx = Ayy,
Ak = Azz, where Axx, Ayy, Azz are the principal values of the nuclear hyperfine coupling tensor,
and θ is the angle between the magnetic field direction and the A-tensor principal axis. The
quantity k, the so-called modulation depth parameter, defines the amplitude of the modulation.
Fourier transformation of the modulation yields the ESEEM spectra. In the limit of low modu-
lation depth these spectra can be approximately described by a superposition of all the nuclear
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precession frequency components associated with the different nuclei to which the electron
spins are coupled.

An important feature of three-pulse ESEEM is the dependence of the modulation amplitude
on τ, as is clear from the factors 1 –cos(2πvβτ) and 1 –cos(2πvατ). For vα,β = n/τ (n = 1, 2,. . .),
the modulation at the frequency vβ,α vanishes. Thus the three-pulse ESEEM spectra are subject
to “blind spots”, which become denser for increasing evolution time τ. Consequently, the
three-pulse ESEEM experiment has to be performed at more than one τ value, in order to
ensure that such blind spots do not obscure certain frequency components. The chief observ-
able in the ESEEM spectra is the modulation depth parameter k, recorded as a function of fre-
quency. For the case of an isotropic hyperfine interaction (A? = Ak), or if the magnetic field is
oriented along one of the principal axes of the hyperfine tensor (θ = 0 or θ = π/2), the echo
modulation vanishes (k = 0), since in these cases the parameter B in the above equation
becomes zero. The depth parameter k also approaches zero in cases of very weak (vα � vβ � vI
>> B) or very strong hyperfine coupling anisotropy (vI << vα, vβ; B/2� vα, vβ).

Hyperfine sublevel correlation spectroscopy
The HYSCORE technique is a powerful tool for the investigation of weak hyperfine and
nuclear electric quadrupolar couplings of paramagnetic centers in disordered systems. This is a
two-dimensional experiment that correlates nuclear transitions in different electron spin mani-
folds, α and β. This is achieved by using a π pulse, between the second and the third pulses in
the ESEEM sequence, yielding the four-pulse sequence (tp)—τ—(tp)—t1 - (2tp)—t2 - (tp)–echo
[16,18]. The effect of the π pulse is the transfer of nuclear coherence between the two electron
spin manifolds. Therefore, it correlates the frequency vα of a given nucleus with the frequency
vβ of the same nucleus. The frequency in the second dimension is then measured by the intro-
duction of another variable delay t2 between the π pulse and the last π/2 pulse that reconverts
the nuclear coherence to observable electron coherence. The correlations between nuclear spin
transitions manifest themselves in the HYSCORE spectrum as non-diagonal cross-peaks at (vα,
vβ), (vβ, vα) and (-vα, vβ), (-vβ, vα), respectively in the (+,+) and (-,+) quadrants of the 2D-spec-
tru [16,19]. In the limit of a weak hyperfine interaction (A< 2vI), the contributions with posi-
tive phase modulation dominate and the cross-peaks appear in the (+,+) quadrant [16,20,21].
In the opposite limit of a strong hyperfine interaction (A> 2vI), the contributions with nega-
tive phase modulation dominate and the cross-peaks appear mostly in the (-,+) quadrant. Near
the cancellation condition (Aiso ~ 2vI), the cross-peaks in the 2D-HYSCORE spectrum have
comparable intensities in both quadrants [16,20].

Materials and Methods

Sample preparation and characterization
The molecular structures of the FLPs under investigation are depicted in Fig 1. They were pro-
duced via N,N addition of NO to the parent FLP in fluorobenzene solution at room tempera-
ture. Detailed information on their synthesis and characterization is given in the literature
[2,5,6,22]. As high radical concentrations lead to a broadening of the EPR spectra due to strong
intermolecular exchange interactions, it is necessary to study these molecules in a magnetically
dilute state. This was accomplished by a hydrogenation reaction of the radical species with 1,4
cyclohexadiene in benzene solution, yielding the corresponding diamagnetic hydroxylamine
compounds. As this reaction is not fully quantitative, the reduction product still contains a
small number of the paramagnetic radical molecules. It is reasonable to assume that these radi-
cal species are randomly distributed and substitute the hydroxylamine molecules within the
crystal structure of the host compound. Previous publications show the crystal structures of the
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radical species and the FLP-NOH compounds of samples 1 [22], 3 [5], 4, 5 and 6 [6]. the solid-
state NMR characterization of sample 3 [5,7], and the solid-state X-band EPR characterization
of samples 1, 2 and 3 [8].

EPR spectroscopy
The EPR experiments were carried out on E-580 BRUKER Elexsys spectrometers operating at
X-band and Q-band frequencies. The Q-band experiments were performed at 100 K. ESEEM
spectra were obtained at external field strengths of 1.23 T, using the three-pulse sequence
described above, with a π/2 pulse length tp = 12 ns. The delay between the first and second
pulses, τ, was set between 100 ns and 380 ns. The time interval T was incremented in 8 ns steps
starting with T = 300 ns; 300 acquisitions were accumulated for each increment with repetition
times of 300 μs and up to 20 scans were added up for signal averaging. A four-step phase cycle
of the first and second pulse was used for echo detection to avoid unwanted primary echoes
and FID distortions [23]. The resulting data were processed in the following way: the modu-
lated echo decay was fitted to a biexponential function, which in turn is subtracted from the
experimental data in order to isolate the oscillatory component. Following further apodization
and zero-filling, the oscillating signal was Fourier-transformed, resulting in the ESEEM spec-
trum. The echo detected field-sweep (EDFS) spectra were recorded using the three-pulse
sequence. The integrated echo intensities were measured as a function of the magnetic field
strength over a range of 1.20–1.25 T. The pulse spacing between the first two pulses (τ) was set
to 340 ns, and a long evolution time between the second and the third pulse (1 μs) was chosen
in order to suppress nuclear modulation effects upon the lineshape.

The HYSCORE experiments were conducted at external magnetic field strengths of 1.23 T,
with τ = 340 ns. This τ delay was chosen to avoid blind spots for any of the relevant nuclei in

Fig 1. Compounds studied within this work.

doi:10.1371/journal.pone.0157944.g001
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the present sample. The latter was confirmed by additional measurements at τ = 300 ns and
380 ns. The echo intensity was measured as a function of t1 and t2, which were incremented in
steps of 8 ns from the initial value of 300 ns. Pulses of tp = 10 ns length for the π/2 pulse and 2tp
= 20 ns length for the π pulse were used to record a 200×200 data matrix. Following further
apodization and zero-filling (to 512×512 points), the oscillating signal was Fourier-trans-
formed in both dimensions, resulting in the HYSCORE spectrum. A 4-step phase cycle was
used to eliminate unwanted coherences.

The temperature dependent X-band experiments were performed at a magnetic field
strength of 335 mT. All samples were measured over the temperature range from 100 K to 300
K in steps of 50 K using the three-pulse ESEEM sequence described above. At each temperature
the ESEEM spectrum was measured at two different τ-delays of 170 ns and 250 ns to ensure
that no frequency components were suppressed by the blind spots. The time interval T was
incremented in steps of 16 ns starting at 300 ns. For each increment 100 acquisitions were per-
formed with a repetition time of 200–400 μs, and 20 to 250 scans were added up. The π/2 pulse
length was set to 8 ns. Solid-state powder EPR data were simulated by the functions “saffron”
and “pepper” of the software package EasySpin [23] implemented in MATLAB (MathWorks,
Inc).

Results and Data Analysis

Q-band echo detected field sweep
Owing to the high spin dilution of the samples studied in this work and saturation of the signal
at low temperatures already for low microwave powers, cw-EPR experiments at Q-band were
hampered by low signal-to-noise ratios. Therefore, all the EPR spectral analyses are done on
EDFS spectra. Fig 2 shows the corresponding first derivatives for samples 1–6 (black curves)

Fig 2. First derivative Q-band EPR spectra computed from experimental echo detected field-sweep spectra (black curves) for
the set of FLP adducts. Red and dotted blue curves are EasySpin [23] simulations considering different sets of parameters as follows:
(a) simulations (red curves) considering “best fit” parameters from the previous X-band results [8]; (b) red curves—simulations based on
the DFT-calculated parameters from Ref. [8]; blue curves—simulations based on the DFT-calculated parameters and subsequent
adjustments of the g-tensor principal values, as shown in Table 1; and (c) simulations considering the best-fit parameters shown on the
third column of Table 1, followed by adjustment of the anisotropic g-values (see Table 1). For samples 1 to 3 the Euler angles for the
different tensors were taken from DFT calculations (Ref. [8]). For samples 4 to 6 DFT calculations were not performed and the set of
Euler angles calculated for sample 1was used in the simulations.

doi:10.1371/journal.pone.0157944.g002
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and EasySpin [23] simulations obtained for selected samples and parameter sets (red and
dashed blue curves). We consider three separate sets of simulations. Fig 2(a) shows the simula-
tions based on our previous X-band study [8]. Fig 2(b) shows the simulations obtained from
previous DFT calculations [8], followed by optimization of the anisotropic g tensor parameters.
Finally, Fig 2(c) shows the simulations obtained from the Q-band HYSCORE experiment of
the present study (see further discussion below), followed by the optimization of the aniso-
tropic g-parameters. Table 1 lists the parameters resulting from these three simulation
approaches. In this table, we use the notation

Aiso ¼
1

3
ðAxx þ Ayy þ AzzÞ

dA ¼ A33 � Aiso

ZA ¼ ðA11 � A22Þ
d

ð2Þ

to describe the isotropic value, the anisotropy and the asymmetry parameter of the hyperfine
coupling tensors with the nuclei 14N, 31P, 11B and 10B. In eq (2) the parameters δA and ηA are
defined from the hyperfine tensor components A11, A22 and A33 using the Haeberlen

Table 1. Hyperfine (A-), Quadrupole (Q-) and g-tensor principal values for the set of compounds studied in this work obtained by DFT calculations
[8] and from X-band [8] and Q-band EPR analyses. The conventions Axx < Ayy < Azz and gxx > gyy > gzz are followed. The parameters δA an ηA are calcu-
lated according to Eq (2). The DFT calculations were done on geometry-optimized structures from the gas phase on a TPSS-D3/def2-TZVP level, the A-ten-
sors were calculated on a B3LYP/TZ2P level [8].

Parameters / Method X-band DFT Q-band (best fit)

1 2 3 1 2 3 1 2 3 4 5 6

A(14N)
(MHz)

Ax (± 0.1) -4.1 -1.1 -5.3 -4.0 -3.4 -3.0 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1

Ay (± 0.1) -3.6 -0.5 -4.7 -3.3 -2.8 -2.5 0.5 0.5 0.5 0.5 0.5 0.5

Az (± 1) 52.2 58.7 61 53.5 56.4 58 56.6 56.6 56.6 56.6 56.6 56.6

Ais (± 1) 15 19 17 15 17 18 19 19 19 19 19 19

δA (± 0.2) 37.4 39.7 44.0 38.1 39.7 40.6 37.6 37.6 37.6 37.6 37.6 37.6

ηA (± 0.01) 0.01 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02

A(31P)
(MHz)

Axx (± 1) -57 -57 -61 -55 -57 -57 -55 -55 -55 -55 -55 -55

Ayy (± 1) -51 -51 -45 -48 -49 -48 -51 -51 -51 -51 -51 -51

Azz (± 1) -45 -43 -41 -42 -43 -43 -44 -44 -44 -44 -44 -44

Aiso (± 1) -51 -50 -49 -48 -50 -49 -50 -50 -50 -50 -50 -50

δA (± 1) 6 7 -12 -7 -7 -8 6 6 6 6 6 6

ηA (± 0.1) 1.0 0.8 0.3 0.9 0.8 0.7 0.7 0.7 0.7 0.7 0.7 0.7

A(11B)
(MHz)

Axx (± 1) -11 -11 -11 -11 -11 -11 -11 -11 -11 -11 -11 -11

Ayy (± 1) -11 -11 -11 -11 -11 -11 -11 -11 -11 -11 -11 -11

Azz (± 0.1) -6.7 -6.5 -6.3 -6.6 -6.5 -6.2 -6.3 -6.3 -6.3 -6.3 -6.3 -6.3

Aiso (± 0.1) -9.6 -9.5 -9.4 -9.5 -9.5 -9.4 -9.4 -9.4 -9.4 -9.4 -9.4 -9.4

δA (± 0.3) 2.9 3 3.1 2.9 3 3.2 3.1 3.1 3.1 3.1 3.1 3.1

ηA (± 0.1) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Q(14N)
(MHz)

CQ (± 0.5) - - - 3.1 2.9 3.3 3.5 3.5 3.5 3.5 3.5 3.5

ηQ (± 0.05) - - - 0.68 0.75 0.88 0.68 0.68 0.68 0.68 0.68 0.68

Q(11B)
(MHz)

CQ (± 0.1) - 1.3 1.0 1.3 1.4 1.3 1.0 1.0 1.0 1.0 1.0 1.0

ηQ (± 0.02) - 0.47 0.57 0.57 0.53 0.65 0.57 0.57 0.57 0.57 0.57 0.57

gxx 2.0150 2.0161 2.0138 2.0161 2.0153 2.0149 2.0151 2.0151 2.0151 2.0155 2.0155 2.0155

gyy 2.0052 2.0055 2.0065 2.0072 2.0071 2.0072 2.0070 2.0070 2.0070 2.0070 2.0070 2.0070

gzz 2.0019 2.0018 2.0018 2.0019 2.0055 2.0019 2.0022 2.0024 2.0022 2.0025 2.0028 2.0024

doi:10.1371/journal.pone.0157944.t001
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convention |A33—Aiso|> |A11—Aiso|> |A22—Aiso|. Table 1 also lists the nuclear electric quad-
rupole tensor parameters CQ (product of nuclear electric quadrupole moment and the principal
value of the electric field gradient tensor eqzz) and the electric field gradient asymmetry param-
eter ηQ = (eqxx-eqyy)/eqzz defining the deviation of the electric field gradient from cylindrical
symmetry.

Fig 2a compares the experimental EDFS spectra (presented in the derivative mode) with
simulations obtained previously for the X-band cw spectra of compounds 1–3 [8]. It is evident
that these simulations do not reproduce the Q-band EDFS spectra very well, indicating that the
set of g-parameters deduced from the X-band spectra in reference 8 is not sufficiently accurate.
This is understandable, as the main features of those spectra are dominated by the anisotropic
magnetic hyperfine interactions with the 14N and 31P nuclei. As the impact of the anisotropic
g-tensor upon the EPR lineshape scales linearly with the magnetic field strength, the Q-band
spectra are much more sensitive to g-tensor variations than the X-band spectra, allowing a
refinement of these parameters.

A good starting point for this refinement are the EPR parameters obtained for samples 1–3
from the single molecule DFT calculations reported in Ref. [8] (red curves in Fig 2(b)).
Although the relative intensities of the various line shape features are not well matched in these
simulations, the peak positions are already reproduced very well. Better agreement between
experimental and simulated lineshape features can be obtained by adjusting the g-tensor prin-
cipal values (see Table 1). The resulting simulations are the dotted blue curves in Fig 2(b). Fig 2
(c) summarizes a third simulation approach used in the present study, based on more precise
values of the 14N and 31P hyperfine interaction tensor parameters and the 14N nuclear electric
quadrupolar coupling tensor available from the Q-band HYSCORE data reported in the pres-
ent study (see detailed discussion below), followed by further optimization of the g-tensor val-
ues. Since no DFT calculations were done for samples 4–6, the relative orientations between
the interaction tensors were taken to be identical to those determined for sample 1. This
approach is justified by the fact that the previous calculations in reference 8 revealed that the
mutual tensor orientations in compounds 1–3 are rather similar. Furthermore, only minor var-
iations in the spectral line shapes are observed when varying the Euler angles relating the ten-
sors. As illustrated in Fig 2c, the simulation approach described above results in the best
agreement between experimental and simulated results. In judging the quality of the agreement
between the experimental and simulated data we have to bear in mind that the experimental
spectra shown in Fig 2 are the first derivatives of echo-detected field sweep spectra, which
means that the relative intensities of the various spectral features are influenced by transverse
and longitudinal relaxation effects. As these effects are not accounted for in the EasySpin simu-
lations, the goodness of the fit was primarily judged from the match in the frequency positions
of the various spectral features rather than their intensities.

Q-band Hyperfine Sublevel Correlation Spectroscopy
Fig 3 shows the Q-band HYSCORE spectra obtained for samples 1–5. No HYSCORE results
could be measured for sample 6 as the amount of sample was too small for obtaining a satisfac-
tory signal-to-noise ratio within a reasonable amount of measurement time. For all the samples
the HYSCORE spectra result from modulations due to the hyperfine couplings with the 11B,
10B, 31P and 14N nuclei. The anti-diagonal lines in Fig 3 cross the diagonal line defined by the
nuclear Larmor frequencies. Resonances in the weak coupling limit (|Aiso|< 2vI) for

11B, 10B
and 14N are present in the (+ +) quadrant of all the HYSCORE spectra. For samples 2 and 3 a
peak at the Larmor frequency of 31P is also visible, which may be attributed to a weak dipolar
interaction of the electron with the nucleus of a neighboring molecule. In the (- +) section of
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the spectra, resonance signals in the strong coupling limit (|Aiso|> 2vI) are observed for
14N

(set of peaks closer to the diagonal in the frequency range 10–20 MHz) and 31P (signals around
v1,-v2 and v2,-v1 with v1 = 45 MHz and v2 = 4 MHz).

Simulations considering electron spins interacting solely with the 31P or 14N isotopes (S1 to
S5 Figs) were performed in order to identify the signals corresponding to each of the nuclei, to
explore the sensitivity of various spectral features toward variations of the parameters Aiso

(31P), δA(
31P), ηA(

31P), Aiso(
14N), δA(

14N), ηA(
14N) and CQ(

14N) parameters. As the “best-fit”
criterion we used the optimum agreement between experimental and simulated cross-peak
positions, as discussed in S1 Text and S6 and S7 Figs. It was further confirmed that no addi-
tional HYSCORE peaks were produced by three-spin effects (arising from the simultaneous

Fig 3. 2D-HYSCORE spectra recorded at a magnetic field strength of 1.23 T for the set of FLP samples 1–5. The anti-diagonal
dashed lines cross the diagonal at the Larmor frequencies for the isotopes related in the plots. The diagonal peaks at around 34 MHz and
42 MHz are artifacts from the spectrometer.

doi:10.1371/journal.pone.0157944.g003
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interaction of the unpaired electron with 31P and 14N). These simulations clearly show that the
spectral regions signifying the effect of 14N and 31P are very distinct, allowing the unambiguous
determination of the EPR parameters by comparison between the simulated and experimental
spectra. This was done by performing systematic simulations in which only one EPR parameter
was varied, while keeping all the other parameters unchanged. S1 and S2 Figs show these simu-
lations as a function of the 31P hyperfine tensor parameters Aiso and δA. The parameter values
that best agree with the experimental data are Aiso = -50 ± 1 MHz and δA = 6 ± 1 MHz. The
same was done for the 14N hyperfine parameters in S3 and S4 Figs, resulting in best-fit parame-
ters of Aiso = 19 ± 1 MHz and δA = 37.6 ± 0.2 MHz. S5 Fig shows simulations varying the 14N
quadrupolar coupling constant CQ. In all cases a strong dependence of the HYSCORE data on
the EPR and nuclear interaction parameters is observed, which validates the results obtained
from the present analysis and allows error estimations as to the precision of the simulation
parameters.

Fig 4 compares simulated and experimental HYSCORE spectra (given for compound 3 as
an example), using again the three simulation approaches described for the EDFS spectra of
Fig 2. Fig 4a shows a simulated HYSCORE spectrum based on optimized parameters from X-
band simulations [8]. Although this set of parameters had reproduced very well the X-band cw
and ESEEM spectra, this is clearly not the case for the Q-band experiments. Such deviations
were to be expected, since the 14N and 31P hyperfine coupling parameters had to be extracted
from a multiple parameter-fit to the X-band cw spectra before. Fig 4b shows a simulated
HYSCORE spectrum based on the DFT-calculated parameters for sample 3 [8]. This result
shows that, while the EDFS simulations based on the DFT-calculated parameters alone (Fig
2b) are already in good agreement with the experimental data, the HYSCORE simulations
show that optimizations in the 14N and 31P hyperfine interaction parameters and in the 14N
quadrupolar coupling parameters still would result in considerable improvement. The final
result is shown in Fig 4c, revealing excellent agreement. Due to the lack of peak definition for
the 11B and 10B signals, the parameters used in the simulations in Fig 4a and 4c were taken
directly from the ones previously reported in Ref. [8], obtained from the X-band ESEEM and
HYSCORE techniques (the 10B hyperfine coupling and quadrupolar coupling parameters were
scaled from the 11B values appropriately). The parameters used for the optimized HYSCORE
simulations are summarized in the third column of Table 1. We attempted to develop some
numerical criteria for judging the goodness of the fit. For the hyperfine parameters Aiso(

31P)
and δA(

31P) we were able to do so by comparing the root mean square deviations (rmsd)
between the experimental and simulated spectra within those spectral regions in the
HYSCORE spectra that are dominated by the hyperfine interaction with the 31P nuclei. The
same rmsd minima were observed for all the compounds measured. For the interaction param-
eters of the 14N nuclei this approach was not successful, however, as the spectra were found to
be much more complex. In this case, we had to resort to visual comparison of the simulations
with the experimental data in the relevant areas of the contour plots for arriving at the best-fit
parameters. In doing so, we focused on the correct reproduction of the peak positions rather
than their intensities, as the latter are additionally influenced by relaxation processes that are
not accounted for in the simulations. The uncertainties in Tables 1 and 2 were estimated by
taking into account the sensitivity of the simulated lineshapes due to changes in the simulation
parameters. We obtain 14N quadrupolar coupling parameters given by CQ = 3.5 ± 0.5 MHz and
ηQ = 0.68 ± 0.10, close to the values calculated from DFT, CQ = 2.9 MHz and ηQ = 0.75. The
HYSCORE spectra for all the samples are very similar, the differences among them being
smaller than the experimental error incurred with the comparison between simulated and
experimental data. Therefore, the set of parameters obtained from HYSCORE for sample 3 can
be considered as representative for all the samples of the present study. As shown below, an
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excellent fit to the X-band cw-EPR spectrum of 1–3 can be obtained based on the improved
EPR parameter values extracted from the simulation of the Q-band HYSCORE spectra. Fits of
similar quality could be obtained for the other compounds as well.

Q-band Electron Spin Echo Envelope Modulation
Fig 5 shows the ESEEM spectra obtained for the samples 1–5 (black curves). No ESEEM signal
could be measured for sample 6. Compared to the ESEEM spectra obtained at the X-band,
which are entirely dominated by the hyperfine coupling to 11B (in addition to weak dipolar
couplings to 1H and 19F), the Q-band ESEEM spectra are substantially more complicated,

Fig 4. 2D-HYSCORE simulated spectra (left) compared with HYSCORE experimental spectrum for sample 3 (right). (a)
parameters obtained from DFT calculations [8], (b) parameters extracted from X-band EPR analysis [8], and (c) optimized parameters.
The simulations were performed at Q-band frequencies and a magnetic field of 1.23 T. Table 1 shows the set of EPR parameters used in
the simulations. The diagonal peaks at around 34 MHz and 42 MHz are artifacts from the spectrometer.

doi:10.1371/journal.pone.0157944.g004
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revealing distinct contributions from interactions with 14N, 10B and 11B. Also, no weak cou-
plings with 1H and 19F are detectable here. The experimental data for samples 1–3 are com-
pared with simulations (red curves), based on the parameters previously obtained from the
HYSCORE analysis. Two four-spin-system simulations were done in order to obtain each sim-
ulated spectrum shown in Fig 5. The first one considers one electron interacting with 11B, 14N
and 31P isotopes, while in the second one 11B was replaced by 10B. Both simulations were then
co-added with the weighting factors of the 11B and 10B natural abundances. For signal attribu-
tion, different simulations considering the interaction of the unpaired electrons with different
sets of nuclear species were carried out. Fig 6 shows these simulations (red curves) compared
with the experimental spectrum of sample 2 (this experimental spectrum was chosen because
the highest signal-to-noise ratio realized). Fig 6a reproduces the simulation of Fig 5b for the
sake of comparison. Fig 6b shows a simulation that takes into account only interactions with
the 11B nucleus. This simulation suggests that the feature around 11.5 MHz observed in the
experimental data arises from the hyperfine interaction with the 11B nuclei. Fig 6c shows a sim-
ulation considering only the interaction with the 14N nuclei. The 14N signal extends over a
wide range, with a stronger contribution around 3.7 MHz, coinciding with the experimental
peak observed in the same position. Fig 6d shows a simulation considering only interaction
with 10B nuclei, which shows that the main contribution from this nucleus is the signal near 7
MHz. In order to seek for possible combination peaks that can appear in systems with more
than one nuclear spin [17], two simulations considering two nuclear species, 11B/14N and
10B/14N were also performed (Fig 6e and 6f, respectively). These latter simulations resulted in
spectra that are the simple sum of the spectra for the two isolated systems, i.e. no strong combi-
nation peaks are present. Simulations considering 31P, isolated (Fig 6g) or combined with 14N

Table 2. EPR interaction parameters used for the X-band ESEEM simulations for samples 2–5. Aiso, δA and ηA are respectively the isotropic and
anisotropy and asymmetry parameters of the 11B hyperfine coupling tensor, according to the notation given in Eq 2. α, β and γ are the Euler angles, according
to notation from Ref. [16], andCQ and ηQ are the 11B nuclear electric quadrupole coupling constant and the EFG asymmetry parameter.

Sample T (K) Aiso (± 0.02
MHz)

δA (± 0.01
MHz)

ηA ± 0.02 α ± 10 β ± 5 γ ± 10 CQ (± 0.03
MHz)

ηQ ± 0.05

2 300 -9.69 3.22 0.05 -40 173 15 1.00 0.50

250 -9.72 3.22 0.05 -40 173 15 1.03 0.50

200 -9.78 3.24 0.05 -50 173 15 1.05 0.50

150 -9.83 3.26 0.05 -60 171 15 1.10 0.45

100 -9.84 3.26 0.05 -70 169 15 1.12 0.50

3 300 -9.27 3.16 0.08 -30 175 20 1.20 0.50

250 -9.31 3.16 0.08 -40 174 20 1.20 0.50

200 -9.36 3.16 0.07 -40 173 20 1.22 0.50

150 -9.40 3.16 0.07 -50 173 20 1.25 0.50

100 -9.42 3.16 0.07 -50 173 10 1.28 0.50

4 300 -9.64 3.24 0.05 -20 173 15 1.10 0.50

250 -9.66 3.24 0.05 -30 173 15 1.11 0.50

200 -9.69 3.24 0.05 -30 173 15 1.13 0.50

150 -9.72 3.24 0.05 -30 173 15 1.14 0.50

100 -9.74 3.24 0.05 -30 173 15 1.14 0.50

5 300 -9.73 3.22 0.04 -20 173 15 1.09 0.50

250 -9.79 3.24 0.04 -30 172 15 1.10 0.50

200 -9.83 3.24 0.04 -50 170 15 1.12 0.50

150 -9.86 3.24 0.04 -60 168 15 1.16 0.45

100 -9.89 3.20 0.04 -70 166 15 1.21 0.50

doi:10.1371/journal.pone.0157944.t002
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(Fig 6h) or 10B nuclei (Fig 6i) show a peak at around 43 MHz corresponding to the 31P modula-
tions. This signal has no correspondence in the experimental data, suggesting a short transver-
sal relaxation time for the 31P species. In summary, the Q-band ESEEM spectra seem to be
dominated by the responses of the 14N, 11B and 10B nuclei. Unfortunately, some of the minor
features observed in the overall spectra cannot be well reproduced by these simulations, and
the origin of these signals is still under investigation. The same problem may also occur with
the HYSCORE data, but is visually less evident in the contour plots. As the latter emphasize the
spectral features with the strongest intensities, it is generally easier to find a good match
between experimental and simulated data.

Besides this lack of attribution mentioned above, we suspect that the amplitudes of the dif-
ferent nuclear contributions to the ESEEM spectra are also affected by differences in relaxation
times between the nuclear species, which is not taken into account in the simulations. Such
lineshape distortions can occur because of the intrinsic dead-time present in the ESEEM exper-
iments, which leads to differences in dephasing rates between signals from different nuclear
species. One way of circumventing this problem is to add spectra from different simulations
with different weighting factors in order to reproduce the mismatch of the relative intensities
of signals from different nuclear species. In the present case, the combination that best

Fig 5. Experimental Q-band ESEEM spectra for the samples 1–5 (black curves).Red curves are
EasySpin simulations considering “best fit” principal values of the interaction tensors obtained from the
HYSCORE results (see Table 1) and Euler angles from DFT calculations [8]. The asterisk marks indicate
frequency positions where spectrometer artifacts are present (narrow peaks).

doi:10.1371/journal.pone.0157944.g005
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approximates the experimental data is the sum of the simulations in Fig 6a (all nuclei) and Fig
6c (14N). The result is shown as the blue dashed curve in Fig 6a. Although the resulting spec-
trum is still not in perfect agreement with the experimental data, it suggests that the 14N trans-
versal relaxation time may be longer than those of the other nuclear species.

The set of EPR parameters obtained from the Q-band HYSCORE and EDFS simulations can
be tested by comparison between simulated and experimental X-band EPR spectra. Fig 7 shows
this comparison for samples 1–3. The good agreement between the experimental (black curves)
and simulated spectra (red curves) shows that the set of parameters obtained by analyzing the
Q-band results is capable of reproducing the cw X-band spectra, validating the present analysis.

Variable temperature X-band ESEEM
Additional insight can be obtained by variable temperature experiments. Since unambiguous
simulations for Q-band ESEEM spectra were not obtained, and taking into account that the

Fig 6. Simulated (red curves) and experimental (black curves) Q-band ESEEM spectra for sample 2. The simulations
consider different sets of nuclear species interacting with a single unpaired electron. (a) 10B, 11B, 14N and 31P nuclei (red
curve); (b) 11B nucleus only; (c) 14N nucleus only; (d) 10B nucleus only; (e) 11B and 14N nuclei; (f) 10B and 14N nuclei; (g) 31P
nucleus only; (h) 31P and 14N nuclei; (i) 31P and 10B nuclei. Spectra are internally normalized by the maximum intensity. The
asterisk marks indicate frequency positions where spectrometer artifacts are present (narrow peaks). The blue dashed curve in
(a) shows an optimized simulation including the interactions with all the nuclei and emphasizing the 14N contribution (see text).

doi:10.1371/journal.pone.0157944.g006
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HYSCORE experiment is very time consuming, the most appropriate experimentis an exami-
nation of the effect of temperature variation on the X-band ESEEM spectra. As discussed in the
introductory section, in our previous study all the features observed in the ESEEM spectra
could be traced to 11B hyperfine and 1H and 19F dipolar interactions (for 1H and 19F just a

Fig 7. X-band cw-EPR spectrum of samples 1–3 (black curves, from bottom to top) and simulation
(red curves) using the parameters obtained fromQ-band HYSCORE and EDFS analyses.

doi:10.1371/journal.pone.0157944.g007
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sharp signal is observed, located at their Zeeman frequencies at 13.46 and 14.25 MHz, respec-
tively) and 11B quadrupolar interactions [8]. We confirmed this fact by means of extensive sim-
ulations of different spin systems. The comparison of these simulations (red curves) with the
experimental data for sample 5 (black curve) is shown in Fig 8. Part a of this figure shows a
simulation considering all the nuclear isotopes present in the FLP system, 11B, 10B, 14N, 31P, 1H
and 19F (15N was neglected due to the very low abundance). Fig 8b shows a simulation consid-
ering only 11B hyperfine and quadrupolar couplings. The similarity between the simulations in
Fig 8a and 8b (except for the region corresponding to the 1H and 19F signals) clearly shows that
the peak suppression due to the product rule (explained in the introductory section) is perfectly
reproduced by the EasySpin [23] simulations. Fig 8c, 8d and 8e show, respectively, simulations
considering isolated 10B, 14N and 31P nuclei interacting with the unpaired electron. For all
these simulations no match with the experimental data is observed. Therefore, it is reasonable
to consider only interactions with the 11B isotope in the variable temperature X-band ESEEM
analysis. Disregarding the 1H and 19F species the X-band ESEEM spectra can be simulated
using only 9 parameters for 11B: the hyperfine tensor components Axx, Ayy, and Azz, the quad-
rupolar coupling parameters CQ and ηQ, the three Euler angles relating the hyperfine and EFG
principal axes systems, and a general line broadening parameter.

Fig 8. Simulated (red curves) and experimental (black curve) X-band ESEEM spectra for sample 5 obtained with τ = 250 ns. The
simulations consider different sets of nuclear species interacting with a single unpaired electron. (a) 10B, 11B, 14N, 31P, 19F, and 1H nuclei;
(b) 11B nucleus only; (c) 10B nucleus only; (d) 14N nucleus only; and (e) 31P nucleus only. The peaks in the 1H and 19F Zeeman
frequencies are labeled in the figure.

doi:10.1371/journal.pone.0157944.g008
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The ESEEM spectra of samples 2–5 were obtained as a function of temperature. The spectra
of sample 5 are shown in Fig 9 for two different τ values (the corresponding spectra for samples
2–4 are available as S8 to S10 Figs). The features at 0.5–4 MHz, 8 MHz and 10 MHz can be
related to hyperfine interactions of the 11B nuclei with the unpaired electron. They arise from
triple, double and single quantum coherences of the boron spin states in the two electron spin
manifolds [8]. The simulations of the spectra recorded at both τ values.are based on the same
sets of parameters and are in excellent agreement with the experimental data, corroborating
the present analysis. Fig 9 also reveals a temperature dependent change in the spectra. Espe-
cially a splitting of the signal around 2 MHz is observed from high to low temperatures (more
evident in Fig 9b). Besides this change, the relative intensity of the resonance signal at 4 MHz
(related to a triple quantum transition) increases, while the peak at 10 MHz is slightly shifted
to higher frequencies as the temperature is decreased.

The parameters used for the simulations of samples 2–5 are shown in Table 2. The analysis
of the temperature dependence of these parameters reveals, for increasing temperatures, a
monotonic decrease of the hyperfine and quadrupolar coupling constants, which is summa-
rized in Fig 10a and 10b. The decrease in the isotropic hyperfine coupling constant reflects a
decrease in unpaired electron spin density at the 11B nucleus, possibly reflecting an increase in
the electron-boron average distance at higher temperatures. This can be explained describing
the chemical bonds as anharmonic oscillators. Increased population of excited vibrational lev-
els at higher temperatures leads to longer vibrationally averaged equilibrium distances, which
means a decrease in the effective unpaired spin density at the 11B nuclear site. The decrease of
CQ with increasing temperature can be explained along similar lines. According to the Bayer
theory [24] the increased amplitude of torsional vibrations of the molecule results in increased
vibrational averaging of the electric field gradient at the boron position. Overall, the results
show that the observed spectral changes with temperature are due to expectable changes in the
EPR parameters with temperature, and no specific dynamic phenomena such as structural/
conformational rearrangements or phase transitions are observed. As such, the results of this
temperature dependent analysis serve to validate the original fitting approach taken in Ref. [8]
for the X-band ESEEM spectra.

Fig 9. Experimental (black curves) and simulated (red curves) X-band ESEEM spectra obtained with τ =
170 ns (a) and τ = 250 ns (b) for the sample 5 in the temperature range 100–300 K. The simulations where
performed considering isotropic hyperfine coupling tensors for 1H and 19F nuclei with Aiso = 1.8 MHz and 0.8
MHz respectively, and hyperfine and quadrupolar coupling interactions with 11B using the interaction parameters
listed in Table 2.

doi:10.1371/journal.pone.0157944.g009
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Discussion
While the focus of this paper lies on the specific spectroscopic strategy used to solve the multi-
parameter fitting problem of the solid state EPR spectra measured for FLP-aminoxyl radicals, a
brief discussion of the interpretation of the extracted spin Hamiltonian parameters and their
comparison with literature values on related systems is in order. The g-tensor values of the
present aminoxyl radicals are very similar to those found for the standard nitroxides (such as
TEMPO) [10,25], including the orientation of the g-tensor relative to the molecular axes. In
both the FLP aminoxyl and the standard nitroxide radicals the z-axes of the principal coordi-
nate systems of the g- and the 14N A-tensors are found to be colinear [8]. Likewise, the 14N
quadrupole tensor parameters CQ and ηQ of the present system are very similar to the values
reported in the literature for standard nitroxide radicals in frozen solution (CQ = 3.18/3.58
MHz and ηQ = 0.55/0.41) [10]. The 14N CQ parameter is strongly sensitive to the nature of the
NO bonding [26], and the similarity with conventional nitroxide systems indicates that in the
FLP aminoxyl radicals this bonding is unaffected if the N-C sigma bonds of the standard nitr-
oxides are replaced by N-B and N-P sigma bonds in the present materials.

Large differences to the standard nitroxides are observed for the 14N hyperfine coupling
parameters Aiso and δA [25], however, indicating that the spin densities at the nitrogen atoms
are significantly lower in the present radicals. This is understandable, as the large 31P and 11B
hyperfine coupling constants indicate significant electron spin density transfer to these atoms.
By normalizing the measured 11B and 31P isotropic hyperfine coupling parameters with the
respective nuclear magnetic moments, the results indicate an 11B:31P spin density ratio of
approximately 1:4. The high spin densities detected at the P atoms may be rationalized by the
availability of empty d orbitals through which this spin density may be accommodated.

Conclusions
In summary, the analyses of the complex nuclear and electronic spin interactions present in
nitroxide radicals obtained by N,N addition of nitric oxide to vicinal borane-phosphane Frus-
trated Lewis Pairs (FLPs) can be made significantly more accurate by adding data from pulsed
Q-band EPR spectroscopy in the solid state. The results obtained are highly complementary to
those obtained in the previously reported DFT and X-band study [8]. While in the X-band
ESEEM and HYSCORE spectra only information about 11B hyperfine coupling could be

Fig 10. Isotropic 11B hyperfine coupling constant (a) and 11B quadrupolar coupling constant (b) of samples 2–5 as
a function of temperature. The parameters were obtained from simulations of the X-band ESEEM spectra. Dashed lines
are drawn as guides for the eyes.

doi:10.1371/journal.pone.0157944.g010
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obtained, the corresponding Q-band data contain additional information regarding 31P and
14N hyperfine couplings. In addition, for the first time experimental information about 14N
quadrupolar interaction is obtained using EPR techniques for these FLP nitroxide radicals. Spe-
cifically, the Q-band echo-detected EPR spectra contain more precise information about the g
anisotropies than the X-band spectra, which helps to eliminate remaining ambiguities in the
previous work for the determination of such parameters.

Within the group of compounds 1–6, the EPR parameters are very similar to each other,
and any differences between them are within the experimental errors associated with the pres-
ent multi-parameter fitting approach. This finding is not surprising, as the electronic effects of
the different backbones upon the electronic densities at the radical center are likely to be very
similar in this set of compounds. The effects of more strongly electron donating or withdraw-
ing substituents upon these parameters will be subject of future studies, once such aminoxyl
radicals become available.

Variable temperature X-band ESEEM results show excellent agreement between simulated
and experimental data, indicating a monotonic decrease of 11B hyperfine coupling constants
and quadrupolar coupling constants. This effect can be attributed to the influence of thermally
activated vibrations upon electron spin densities and electric field gradients at the 11B nuclear
sites. Altogether, the combination of pulsed and continuous-wave EPR techniques at multiple
fields (Q-band and X-band) together with DFT-guided simulations and temperature depen-
dent studies defines a powerful approach for the accurate determination of the relevant spin
interaction parameters in these compounds.

Supporting Information
S1 Fig. Contour plots of HYSCORE simulated spectra of an FLP-NO radical. The simula-
tions consider only hyperfine interaction with 31P and the g-anisotropy. The 31P isotropic
hyperfine coupling constant Aiso is varied from (a) to (f), assuming respectively the following
values: -30 MHz, -45 MHz, -48 MHz, -49 MHz, -50 MHz and -55 MHz. The simulations were
performed at Q-band frequencies and a magnetic field of 1.23 T. The unvaried EPR parameters
(the g-tensor components and the A-anisotropy δA and the asymmetry parameter ηA) assume
the best-fit values given in Table 1, third column.
(TIF)

S2 Fig. Contour plots of HYSCORE simulated spectra of an FLP-NO radical. The simula-
tions consider only hyperfine interaction with 31P and the g-anisotropy. The δA-parameter of
the 31P hyperfine coupling is varied from (a) to (f), assuming respectively the following values:
0, 2 MHz, 4 MHz, 6 MHz, 9 MHz and 10 MHz. The simulations were performed at Q-band fre-
quencies and a magnetic field of 1.23 T. The unvaried EPR parameters (the g-tensor compo-
nents and the Aiso value, and the asymmetry parameter ηA) assume the best fit values shown in
Table 1, third column.
(TIF)

S3 Fig. Contour plots of HYSCORE simulated spectra of an FLP-NO radical. The simulations
consider only the g-anisotropy, the hyperfine interaction with 14N and the 14N quadrupolar
interaction. The Aiso-parameter of the 14N hyperfine coupling is varied from (a) to (f), assuming
respectively the following values: 16 MHz, 17 MHz, 18 MHz, 19 MHz, 20 MHz and 21 MHz.
The simulations were performed at Q-band frequencies and a magnetic field of 1.23 T. The
unvaried EPR parameters (the g-tensor components, the A-anisotropy and the 14N quadrupolar
coupling parameters CQ and ηQ) assume the best fit values shown in Table 1, third column.
(TIF)
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S4 Fig. Contour plots of HYSCORE simulated spectra of an FLP-NO radical. The simula-
tions consider only the g-anisotropy, the hyperfine interaction with 14N and the 14N quadrupo-
lar interaction. The δA-parameter of the 14N hyperfine coupling is varied from (a) to (f),
assuming respectively the following values: 36.0 36.8 37.2 37.6 38.4 and 40.0. The simulations
were performed at Q-band frequencies and a magnetic field of 1.23 T. The unvaried EPR
parameters (the g-tensor components, the Aiso value, and the asymmetry parameter ηA, and
the 14N quadrupolar interaction parameters CQ and ηQ) assume the best fit values shown in
Table 1, third column.
(TIF)

S5 Fig. Contour plots of HYSCORE simulated spectra of an FLP-NO radical. The simula-
tions consider only the g-anisotropy, the hyperfine interaction with 14N and the 14N quadrupo-
lar interaction. The CQ-parameter is varied from (a) to (f), assuming respectively the following
values: 0, 2 MHz, 2.5 MHz, 3 MHz, 3.5 MHz and 4.0 MHz. The simulations were performed at
Q-band frequencies and a magnetic field of 1.23 T. The unvaried EPR parameters (the g- and
A-tensor components and the electric field gradient asymmetry parameter ηQ) assume the best
fit values shown in Table 1, third column.
(TIF)

S6 Fig. Relative root-mean-square (rms) deviations as a function of the 31P hyperfine cou-
pling parameters Aiso (a) and δA (b) for the comparison between HYSCORE experimental
and simulated 2D-spectra. The rms calculations were performed only for the spectral region
corresponding to the 31P signal.
(TIF)

S7 Fig. Superimposed contour plots for the comparison between experimental (blue con-
tours) and simulated (green contours) HYSCORE spectra. Part (a) shows simulations per-
formed considering all the relevant isotopes present in the FLP samples (11B, 10B, 14N and 31P).
Part (b) shows simulation considering only the 14N isotope, giving a better visual comparison
between experimental and simulated data. The experimental spectrum belongs to sample 5,
which has the best signal to noise ratio within the series.
(TIF)

S8 Fig. Experimental (black curves) and simulated (red curves) X-band ESEEM spectra
obtained with τ = 170 ns (a) and τ = 250 ns (b) for the sample 2 in the temperature range
100–300 K. The simulations where performed considering isotropic hyperfine coupling ten-
sors for 1H and 19F nuclei with Aiso = 1.8 MHz and 0.8 MHz respectively, and hyperfine and
quadrupolar coupling interactions with 11B using the interaction parameters listed in Table 2
(main text).
(TIF)

S9 Fig. Experimental (black curves) and simulated (red curves) X-band ESEEM spectra
obtained with τ = 170 ns (a) and τ = 250 ns (b) for the sample 3 in the temperature range
100–300 K. The simulations where performed considering isotropic hyperfine coupling ten-
sors for 1H and 19F nuclei with Aiso = 1.8 MHz and 0.8 MHz respectively, and hyperfine and
quadrupolar coupling interactions with 11B using the interaction parameters listed in Table 2
(main text).
(TIF)

S10 Fig. Experimental (black curves) and simulated (red curves) X-band ESEEM spectra
obtained with τ = 170 ns (a) and τ = 250 ns (b) for the sample 4 in the temperature range
100–300 K. The simulations where performed considering isotropic hyperfine coupling
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tensors for 1H and 19F nuclei with Aiso = 1.8 MHz and 0.8 MHz respectively, and hyperfine and
quadrupolar coupling interactions with 11B using the interaction parameters listed in Table 2
(main text).
(TIF)

S1 Text. Description of the approach used to obtain the spin Hamiltonian parameters that
result in simulations that best fit the experimental spectra.
(DOCX)

Acknowledgments
We thank the ETH Zürich for making the Q-band spectrometer available for this work.

Author Contributions
Conceived and designed the experiments: MO GK GE CJM GJ HE. Performed the experi-
ments: MO RKMS AS LME GK. Analyzed the data: MO RK GK GE CJM GJ HE. Contributed
reagents/materials/analysis tools: GK GE CJM GJ HE. Wrote the paper: MO CJM GJ HE.

References
1. Erker G, Stephan DW, editors. Frustrated Lewis Pairs I—Uncovering and Understanding [Internet].

Springer Berlin Heidelberg; 2013.

2. Stephan DW, Erker G. Frustrated Lewis pair chemistry of carbon, nitrogen and sulfur oxides. Chem Sci.
2014; 5: 2625–2641. doi: 10.1039/c4sc00395k

3. Stephan DW, Erker G. Frustrated Lewis pairs: metal-free hydrogen activation and more. Angew Chem
Int Ed Engl. 2010; 49: 46–76. doi: 10.1002/anie.200903708 PMID: 20025001

4. Sajid M, Kehr G, Daniliuc CG, Erker G. Formylborane formation with frustrated Lewis pair templates.
Angew Chem Int Ed Engl. 2014; 53: 1118–21. doi: 10.1002/anie.201307551 PMID: 24338931

5. Sajid M, Kehr G, Wiegand T, Eckert H, Schwickert C, Pöttgen R, et al. Noninteracting, vicinal frustrated
P/B-Lewis pair at the norbornane framework: synthesis, characterization, and reactions. J Am Chem
Soc. American Chemical Society; 2013; 135: 8882–95. doi: 10.1021/ja400338e

6. Sajid M, Stute A, Cardenas AJP, Culotta BJ, Hepperle JAM, Warren TH, et al. N,N-addition of frustrated
Lewis pairs to nitric oxide: an easy entry to a unique family of aminoxyl radicals. J Am Chem Soc. Amer-
ican Chemical Society; 2012; 134: 10156–68. doi: 10.1021/ja302652a

7. Wiegand T, Sajid M, Kehr G, Erker G, Eckert H. Solid-state NMR strategies for the structural characteri-
zation of paramagnetic NO adducts of Frustrated Lewis Pairs (FLPs). Solid State Nucl Magn Reson.
2014; 61–62: 19–27. doi: 10.1016/j.ssnmr.2014.04.001 PMID: 24815176

8. de Oliveira M De Jr, Wiegand T, Elmer L, Sajid M, Kehr G, Erker G, et al. Solid-state EPR strategies for
the structural characterization of paramagnetic NO adducts of frustrated Lewis pairs (FLPs). J Chem
Phys. 2015; 142: 124201. doi: 10.1063/1.4916066 PMID: 25833572

9. Morra E, Cuko A, Maurelli S, Berlier G, Ugliengo P, Chiesa M. Electronic Structure of Ti 3+–Ethylene
Complexes in Microporous Aluminophosphate Materials. A Combined EPR and DFT Study Elucidating
the Role of SOMOOrbitals in Metal–Olefin π Complexes. J Phys ChemC. American Chemical Society;
2015; 119: 26046–26055. doi: 10.1021/acs.jpcc.5b09266

10. Savitsky a., Dubinskii a. a., Plato M, Grishin Y a., Zimmermann H, Möbius K. High-field EPR and
ESEEM investigation of the nitrogen quadrupole interaction of nitroxide spin labels in disordered solids:
Toward differentiation between polarity and proticity matrix effects on protein function. J Phys Chem B.
American Chemical Society; 2008; 112: 9079–9090. doi: 10.1021/jp711640p

11. Taguchi AT, O’Malley PJ, Wraight CA, Dikanov SA. Hyperfine and nuclear quadrupole tensors of nitro-
gen donors in the Q(A) site of bacterial reaction centers: correlation of the histidine N(δ) tensors with
hydrogen bond strength. J Phys Chem B. American Chemical Society; 2014; 118: 9225–37. doi: 10.
1021/jp5051029

12. Taguchi AT, O’Malley PJ, Wraight CA, Dikanov SA. Nuclear hyperfine and quadrupole tensor charac-
terization of the nitrogen hydrogen bond donors to the semiquinone of the QB site in bacterial reaction
centers: a combined X- and S-band (14,15)N ESEEM and DFT study. J Phys Chem B. American
Chemical Society; 2014; 118: 1501–9. doi: 10.1021/jp411023k

EPR Spectroscopy of FLP-NO Radicals

PLOS ONE | DOI:10.1371/journal.pone.0157944 June 23, 2016 21 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157944.s011
http://dx.doi.org/10.1039/c4sc00395k
http://dx.doi.org/10.1002/anie.200903708
http://www.ncbi.nlm.nih.gov/pubmed/20025001
http://dx.doi.org/10.1002/anie.201307551
http://www.ncbi.nlm.nih.gov/pubmed/24338931
http://dx.doi.org/10.1021/ja400338e
http://dx.doi.org/10.1021/ja302652a
http://dx.doi.org/10.1016/j.ssnmr.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24815176
http://dx.doi.org/10.1063/1.4916066
http://www.ncbi.nlm.nih.gov/pubmed/25833572
http://dx.doi.org/10.1021/acs.jpcc.5b09266
http://dx.doi.org/10.1021/jp711640p
http://dx.doi.org/10.1021/jp5051029
http://dx.doi.org/10.1021/jp5051029
http://dx.doi.org/10.1021/jp411023k


13. Kim SH, Aznar C, Brynda M, Silks LA, Michalczyk R, Unkefer CJ, et al. An EPR, ESEEM, structural
NMR, and DFT study of a synthetic model for the covalently ring-linked tyrosine-histidine structure in
the heme-copper oxidases. J Am Chem Soc. American Chemical Society; 2004; 126: 2328–38. doi: 10.
1021/ja0303743

14. Baker JM, Davies ER, Hurrell JP. Charge compensation in calcium fluoride doped with trivalent rare-
earth ions at tetragonal sites. Phys Lett A. 1968; 26: 352–353. doi: 10.1016/0375-9601(68)90368-X

15. Carter E, Fallis IA, Kariuki BM, Morgan IR, Murphy DM, Tatchell T, et al. Structure and pulsed EPR
characterization of N,N’-bis(5-tert-butylsalicylidene)-1,2-cyclohexanediamino-vanadium(IV) oxide and
its adducts with propylene oxide. Dalton Trans. The Royal Society of Chemistry; 2011; 40: 7454–62.
doi: 10.1039/c1dt10378d

16. Schweiger A, Jeschke G. Principles of Pulsed Electron Spin Resonance. Oxford: Oxford University
Press; 2001.

17. Stoll S, Calle C, Mitrikas G, Schweiger A. Peak suppression in ESEEM spectra of multinuclear spin sys-
tems. J Magn Reson. 2005; 177: 93–101. doi: 10.1016/j.jmr.2005.07.012 PMID: 16112885

18. Deligiannakis Y, Louloudi M, Hadjiliadis N. Electron spin echo envelope modulation (ESEEM) spectros-
copy as a tool to investigate the coordination environment of metal centers. Coord Chem Rev. 2000;
204: 1–112. doi: 10.1016/S0010-8545(99)00218-0

19. Kaess H, Rautter J, Boenigk B, Hoefer P, Lubitz W. 2D ESEEM of the 15N-Labeled Radical Cations of
Bacteriochlorophyll a and of the Primary Donor in Reaction Centers of Rhodobacter sphaeroides. J
Phys Chem. American Chemical Society; 1995; 99: 436–448. doi: 10.1021/j100001a065

20. Deligiannakis Y, Astrakas L, Kordas G, Smith R. Electronic structure of B2O3 glass studied by one-
and two-dimensional electron-spin-echo envelope modulation spectroscopy. Phys Rev B. 1998; 58:
11420–11434. doi: 10.1103/PhysRevB.58.11420

21. Deligiannakis Y, Rutherford AW. Electron spin echo envelope modulation spectroscopy in photosystem
I. Biochim Biophys Acta—Bioenerg. 2001; 1507: 226–246. doi: 10.1016/S0005-2728(01)00201-8

22. Cardenas AJP, Culotta BJ, Warren TH, Grimme S, Stute A, Fröhlich R, et al. Capture of NO by a Frus-
trated Lewis Pair: A New Type of Persistent N-Oxyl Radical. Angew Chemie. 2011; 123: 7709–7713.
doi: 10.1002/ange.201101622

23. Stoll S, Schweiger A. EasySpin, a comprehensive software package for spectral simulation and analy-
sis in {EPR}. J Magn Reson. 2006; 178: 42–55. doi: 10.1016/j.jmr.2005.08.013 PMID: 16188474

24. Bayer H. Zur Theorie der Spin-Gitterrelaxation in Molekiilkristallen*. Arbeit. Springer-Verlag; 1951;
238: 227–238. doi: 10.1007/BF01337696

25. Tabak M, Alonso A, Nascimento OR. Single crystal ESR studies of a nitroxide spin label. I. Determina-
tion of the G and A tensors. J Chem Phys. 1983; 79: 1176. doi: 10.1063/1.445921

26. Marsh D. Bonding in nitroxide spin labels from 14N electric-quadrupole interactions. J Phys Chem A.
2015; 119: 919–921. doi: 10.1021/jp512764w PMID: 25574852

EPR Spectroscopy of FLP-NO Radicals

PLOS ONE | DOI:10.1371/journal.pone.0157944 June 23, 2016 22 / 22

http://dx.doi.org/10.1021/ja0303743
http://dx.doi.org/10.1021/ja0303743
http://dx.doi.org/10.1016/0375-9601(68)90368-X
http://dx.doi.org/10.1039/c1dt10378d
http://dx.doi.org/10.1016/j.jmr.2005.07.012
http://www.ncbi.nlm.nih.gov/pubmed/16112885
http://dx.doi.org/10.1016/S0010-8545(99)00218-0
http://dx.doi.org/10.1021/j100001a065
http://dx.doi.org/10.1103/PhysRevB.58.11420
http://dx.doi.org/10.1016/S0005-2728(01)00201-8
http://dx.doi.org/10.1002/ange.201101622
http://dx.doi.org/10.1016/j.jmr.2005.08.013
http://www.ncbi.nlm.nih.gov/pubmed/16188474
http://dx.doi.org/10.1007/BF01337696
http://dx.doi.org/10.1063/1.445921
http://dx.doi.org/10.1021/jp512764w
http://www.ncbi.nlm.nih.gov/pubmed/25574852

