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Efficiency of Water-Soluble Nitroxide Biradicals for Dynamic
Nuclear Polarization in Rotating Solids at 9.4 T: bcTol-M and
cyolyl-TOTAPOL as New Polarizing Agents**

Michel-Andreas Geiger*,” Anil P. Jagtap®, Monu Kaushik*,” Han Sun,”® Daniel Stéppler,®
Snorri T. Sigurdsson,*™ Bjérn Corzilius,*'@ and Hartmut Oschkinat*

/Abstract: Nitroxide biradicals are very efficient polarizing
agents in magic angle spinning (MAS) cross effect (CE) dy-
namic nuclear polarization (DNP) nuclear magnetic reso-
nance (NMR). Many recently synthesized, new radicals show
superior DNP-efficiency in organic solvents but suffer from
insufficient solubility in water or glycerol/water for biological
applications. We report DNP efficiencies for two new radi-
cals, the water-soluble bcTol-M and cyolyl-TOTAPOL, and in-
clude a comparison with three known biradicals, TOTAPOL,
bcTol, and AMUPol. They differ by linker groups, featuring
either a 3-aminopropane-1,2-diol or a urea tether, or by the
structure of the alkyl substituents that flank the nitroxide

groups. For evaluating their performances, we measured
both signal enhancements ¢ and DNP-enhanced sensitivity
Kk, and compared the results to electron spin relaxation data
recorded at the same magnetic field strength (9.4 T). In our
study, differences in DNP efficiency correlate with changes in
the nuclear polarization dynamics rather than electron relax-
ation. The ratios of their individual ¢ and « differ by up to
20%, which is explained by starkly different nuclear polariza-
tion build-up rates. For the radicals compared here empiri-
cally, using proline standard solutions, the new radical
bcTol-M performs best while being most soluble in water/
lycerol mixtures.
gly )

Introduction

Dynamic nuclear polarization is a powerful method for increas-
ing signal-to-noise ratios in MAS NMR,""” and has recently ena-
bled investigations in biomedical research or material science
that otherwise would be inaccessible due to the lack of sensi-
tivity.” DNP is based on the transfer of the large electron spin
polarization to nuclear spin levels, driven by continuous micro-
wave (MW) irradiation. Polarization is transferred via the solid
effect (SE),” the Overhauser effect (OE)® or the cross effect
(CE)®" mechanisms, depending on the experimental conditions

such as the type of polarizing agent and the magnetic field
strength. At 9.4 T and around 100 K, the CE has proven to be
most efficient. It mediates polarization transfer within a 3-spin
system of two dipolar-coupled electrons and one hyperfine-
coupled nucleus if the EPR spectrum of the radical is inhomo-
geneously broadened by g (Zeeman) anisotropy, showing a
breadth (A) larger than the nuclear Larmor frequency (w),
and if a possible match between the difference of the two
electron frequencies and the nuclear Larmor frequency can be
achieved (|wy,—w,, | = ®,).® Nitroxide biradicals are well suited
for CE DNP because these conditions are fulfilled, and at
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the same time the homogeneous linewidth (d) remains small
(O<w<A).

There have been systematic attempts to develop efficient
polarizing agents for CE DNP by varying substituents or the
linker of nitroxide biradicals,” with BTnE® and TOTAPOL™ as
prominent examples from the Griffin group. This stimulated in-
terest in understanding the major factors determining radical
performance, such as the effective electron-electron couplings,
hyperfine couplings, as well as electron and nuclear relaxation
times. The effective electron-electron coupling between the
radical centers of the polarizing agents is essential for CE. It is
composed of two contributions, the exchange interaction, J,,
and the dipolar coupling. The exchange interaction is mediat-
ed by overlap of the spin-bearing molecular orbitals and ap-
pears only when the radical centers are separated by not more
than a few chemical bonds and when favorable molecular geo-
metries exist. In contrast, the dipolar coupling is a through-
space interaction and depends directly on the distance be-
tween the paramagnetic centers and the orientation of their
connecting vector with respect to the external magnetic field
(By).

Since, the mutual orientation of the two g tensors of the in-
teracting electrons plays an important role in CE efficiency, a
rigid linker enforcing a favorable geometry may be advanta-
geous.® For example, a bisketal tether was used to connect
the nitroxide moieties in the bTbK biradical to lock the relative
orientation of the two radicals.” Further important parameters
are the electron spin relaxation times, because efficient DNP
transfer depends on the selective saturation of EPR transitions,
but also on the sufficient recovery of electron spin polarization
for dynamic polarization of typically 1000 nuclear spins per
electron. For this reason, functional groups influencing relaxa-
tion have been a focus in radical development. In bTbtk-py,
for example, the methyl groups adjacent to the nitroxide
groups have been replaced by six-membered spirotetrahydro-
pyran rings to increase both solubility and electron spin relaxa-
tion times.”? Further examples, where the geminal methyl
groups are substituted by spirocyclohexyl rings, are the bulky
nitroxide biradicals bCTbK and TEKPol that show improved
DNP efficiency at temperatures up to 200 K."” In recent years,
it was shown that biradicals of the PyPol"" series that have
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Figure 1. Structures of AMUPol, TOTAPOL, bcTol, bcTol-M, and cyolyl-TOTAPOL.
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urea-based linkers yield high enhancements and excellent
signal-to-noise ratios in biomolecular applications, in particular
the water-soluble AMUPol™ and bcTol (Figure 1).? Their ex-
cellent performance in DNP experiments makes them currently
the radicals of choice for polarizing biological samples at 9.4 T
and 100-200 K.

In an attempt to improve bcTol further and to understand
factors determining radical efficiency, we synthesized two new
radicals, cyolyl-TOTAPOL and the highly water-soluble bcTol-M
(Figure 1). Their DNP performance as well as EPR properties
were compared with TOTAPOL, AMUPol and bcTol. The mo-
lecular structures of the five radicals contain either TOTAPOL-
type (3-aminopropane-1,2-diol) linkers or urea-based linkers, as
well as different substitutions in the immediate vicinity of the
nitroxide groups within the six-membered rings (i.e., methyl,
spirotetrahydropyran, and spirocyclohexanolyl).

The analysis of the entire process of all steps of the polariza-
tion transfer from electrons to carbons via protons is very com-
plex and experimentally challenging. In the course of this work
a selected set of the relevant parameters were determined. In
order to assess the DNP performance of each radical empirical-
ly, we determined both the 'H-"3C cross polarization (CP)
signal enhancement factors, in addition to the signal-to-noise
ratios per 10 min of data acquisition on a proline standard
sample under microwave irradiation (SNRy,), applying typical
measurement conditions. This allowed direct comparison of
our results with many DNP MAS NMR studies that have report-
ed the predominantly used enhancement factor (i.e., MWgy
compared to MWg). The measurements reported here also
provide the more practically relevant sensitivity measure,
which takes care of MAS-induced nuclear depolarization that
lowers the nuclear polarization for MW as well as effects of
nuclear relaxation, signal bleaching and DNP build-up behav-
ior. Thus, this measure displays eventually the net signal
gain™ effective in CP NMR experiments. In the course of our
analysis, a molecular mechanics-based conformational search
was performed to explore the conformational space adopted
by the radicals, in an attempt to correlate electron—electron
distance distributions of the biradicals with DNP performance.
Nuclear and electron spin relaxation parameters were deter-
mined at the same magnetic field strength (9.4 T) and temper-
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ature (110 K). Our results suggest that the improvement in
DNP efficiency of urea-based biradicals cannot be correlated
with their electron relaxation parameters but rather with the
size of the effective electron—electron coupling and effects on
nuclear polarization build-up rate, which may be influenced by
the presence of methyl groups at the linker.

Experimental Section

Sample preparation for EPR and DNP-enhanced MAS NMR
experiments

The biradical samples for EPR measurements were prepared in
a solution containing 60 % [Dglglycerol, 30% D,0 and 10% H,O
(GDH). This stock was then aliquoted and to each fraction the
respective polarizing agent was added to yield 10 mm final bi-
radical concentration (i.e., 20 mm in unpaired electrons). Each
solution was transferred to a quartz capillary (0.3 mm outer di-
ameter).

Samples for DNP-enhanced NMR measurements were made
from a similar stock containing 0.35m C,"*N-proline in GDH.
This stock was then aliquoted and to each fraction the respec-
tive polarizing agent was added to yield 10 mwm final biradical
concentration (i.e., 20 mm in unpaired electrons). Each solution
was transferred to a 3.2 mm ZrO, rotor (Bruker) with a volume
of 25 uL per sample.

EPR spectroscopy

A 263 GHz Bruker EleXsys E780 spectrometer was used for all
EPR measurements. The spectrometer uses a Bruker Ascent
DNP magnet (89 mm) centered at 9.40 T with a superconduct-
ing sweep coil. The sweep coil can be charged from —20 A to
+20 A, corresponding to a nominal range of £75 mT change
in magnetic field. The power supply is remotely controlled by
the Bruker Xepr software used for data acquisition. The spec-
trometer is equipped with a custom-built resonator (with up
to 5 kHz modulation frequency) operating in TE;;, mode. Mi-
crowave power of about 15 mW was used for all experiments
in pulsed mode. During field sweep experiments the rate of
change in field was kept small so that magnetic field induced
by the sweep coil is linear with change in current. Sweep
width and number of points were chosen accordingly to
follow constant sweep rate for each experiment. Sample and
probe temperature was maintained (at 110 K) with a helium-
flow cryostat from Oxford Instruments.

Echo-detected (ED) field-sweep EPR spectra were recorded
by the Hahn echo pulse sequence shown in Figure S12. The
magnetic field was swept at the rate of 0.05mTs™". Pulse
lengths and delay times (7) were optimized for each sample
for maximum intensity of symmetric echo. Length of mt/2 pulse
was chosen between 50 and 60 ns and 7 was varied between
380 ns and 420 ns. From these ED-EPR spectra, pseudo-cw
(continuous wave) spectra were calculated using the Easyspin
package for MATLAB."™ The predefined function ‘fieldmod™
was applied to the ED field-sweep spectra of each radical with
a pseudo-modulation amplitude of 0.5 mT.
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Echo decay curves for the measurement of the phase-
memory time constant (T,,) were also recorded by using the
Hahn echo pulse sequence. The magnetic field was set to the
spectral positions corresponding to g, g,, g, Or in between
those principal axis positions. T,, was extracted from thus ob-
tained relaxation curves as discussed in the Supporting Infor-
mation.

The longitudinal electronic relaxation (T,,) was measured
using the saturation recovery pulse sequence shown in Fig-
ure S13. A pulse train with a picket-fence pattern consisting of
29 (m/2) pulses was used to saturate the EPR signal. The inter-
pulse delay time between saturation pulses was about twice
or thrice T,.. A Hahn echo detection sequence was applied
after a variable delay time (t). T,. was extracted from the exper-
imental curves by determining the build-up time constant
from bi-exponential fits and also by mathematically extracting
the time required for the saturation factor to decay between
e % and e* as discussed in the Supporting Information.

In order to ensure correct assignments of field positions for
measurement of relaxation time constants care was taken that
the echo intensity was recorded while the field was incremen-
tally swept between different field points. This allowed for
alignment of field-dependent relaxation measurements and
the field-swept ED EPR spectra despite the hysteresis of the su-
perconducting sweep unit.

DNP-enhanced NMR spectroscopy

All DNP experiments were conducted at 9.4 T (400 MHz), using
a wide bore magnet with a Bruker Avance Il console. Continu-
ous wave microwave irradiation was supplied through the at-
tached 263 GHz gyrotron (&5 Watt). All spectra were pro-
cessed with Topspin 3.0 (Bruker). All data were recorded under
similar CP conditions with a "H-"3C cross polarization step. All
reported signal-to-noise values refer to the CO signal intensity
of proline. For each sample, the CP conditions were optimized
for maximum signal intensity. The signal-to-noise after 10 mi-
nutes of data acquisition (SNRoy) was determined with the
SINO command in Topspin (see Supporting Information). Spec-
tral width was chosen to be wide enough to minimize the
error on the noise and as narrow as required to avoid vicinity
to signals, for example due to spinning side bands. Proton T,y
values were measured using an inversion recovery experiment
for each sample. The recycling delay was set to 1.3xT,, for
maximum sensitivity. All samples were measured at 8 kHz MAS
at 110 K in a Bruker cryo-MAS DNP probe.

Molecular mechanics-based conformational search

Energy minimization and conformational search were carried
out for all radicals by MacroModel integrated in Maestro V11.0
(Schrédinger Inc.). The OPLS3 force field™ with the implicit
GB/SA water solvent model was employed."® The initial struc-
tures of the radicals were generated manually. They were sub-
sequently energy-minimized to a convergence threshold of
0.05 kJ(molA)~" in at most 2500 iterations. As there is no free
radical atom type for oxygen in MacroModel, all oxygen radi-
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cals were replaced by hydroxyl groups. The energy-minimized
structures were further used as the starting structures for the
conformational search, where the mixed torsional/low-mode
sampling method was applied. All the conformers generated
with a 20.92 kimol™" energy window were kept, except that
redundant conformers were eliminated using a root-mean-
squared-distance (RMSD) cutoff of 0.5 A.

Results
Synthesis of bcTol-M and cyolyl-TOTAPOL

Synthesis of bcTol-M started with the protected spirocyclohex-
anolyl nitroxide 1, which was used for the synthesis of bcTol.'?
Reductive amination of 1 with methylamine gave amino
methyl derivative 2 in good yields. Treatment of 2 with tri-
phosgene, followed by deprotection of the hydroxyl groups,
yielded bcTol-M as a yellow crystalline solid (Scheme 1).
Synthesis of cyolyl-TOTAPOL was carried out in similar
manner to that of the reported procedure for TOTAPOL.” Re-
duction of the carbonyl group of 1 yielded hydroxyl derivative
4, which was alkylated with epichlorohydrin to give epoxy de-
rivative 5 in good yields (Scheme 2). Coupling of amino deriva-
tive 67 with 5, followed by deprotection of the hydroxyl
groups, yielded cyolyl-TOTAPOL as a yellow crystalline solid.
bcTol-M showed excellent solubility in water (170 mm). The
solubility in GDH (60% [Dglglycerol, 30% D,0O, 10% H,0O) was
even higher (250 mm) which is eight times higher than for
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(150 mm)."? To the best of our knowledge, bcTol-M has by far
the highest water-solubility among all known nitroxide-based
biradicals. It is also noteworthy that bcTol-M, similarly to
bcTol,"? dissolves immediately without sonication.' Further-
more, both biradicals are crystalline solids that are easy to
handle. The solubility exhibited by cyolyl-TOTAPOL is similar
to the parent biradical TOTAPOL in GDH (15 mm).l"”

EPR spectra of radicals at 263 GHz

Pseudo-continuous wave (CW) EPR spectra at 263 GHz of all
five biradicals are shown in Figure 2. Overall, the Zeeman ani-

i 9y 9z

| TOTAPOL
; cyolyl-
' TOTAPOL

bcTol

AMUPol

bcTol-M
Magnetic Field
—_—

Figure 2. Pseudo-modulated CW EPR spectra at 110 K recorded at 263 GHz.
Spectra are vertically shifted for better visual comparison to compensate for

AMUPol (30 mm)“” and 1.6times higher than bcTol variation in resonant microwave frequency.
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Scheme 2. Synthesis of cyolyl-TOTAPOL.
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sotropy dominates the spectral shape. At the high-field edge,
corresponding to g, a further splitting into a triplet is visible
due to the hyperfine interaction with N (/=1). In addition, a
resolved intramolecular, effective electron-electron coupling is
visible as splitting in g,,, and g,, peaks for bcTol, AMUPol, and
bcTol-M. This coupling is caused by the relatively close dis-
tance of nitroxide moieties (dipolar contribution) imposed by
the short urea bridging element as well as by an exchange in-
teraction J,, mediated through the molecular orbital system.'®

Electron spin relaxation at 263 GHz

Figure 3 shows T, (saturation) and T,, (echo) decay curves ob-
tained at the field position close to the MW irradiation position
under typical DNP conditions (field position C in Figure S14).
The relaxation time constants were determined from the decay
curves and are compared in Table 1, together with the often-
discussed saturation factor T,.T,.. A detailed description of
how the decay curves were calculated and how the time con-

TOTAPOL
cyolyl-TOTAPOL
bcTol

AMUPol

bcTol-M

|

0 1000 2000 3000
Saturation Recovery Delay [us]

(B) 01

In(//1,)

o
0 2 4 6 8 10 12 14
Echo Delay [ps]

Figure 3. Decay curves recorded at 110 K at spectral feature corresponding
to DNP condition for (A) longitudinal relaxation (T;.) and (B) transverse relax-
ation (T,,). Starting polarization is normalized to unity, as explained in the
Supporting Information.

Table 1. Electron relaxation times T,,, T,., and electron saturation factor
for each biradical, measured at a temperature of 110 K and the approxi-
mate spectral position where MAS DNP is typically performed. The relaxa-
tion parameters are extracted directly from decay curves (see text and
Figure 3).

Biradical The [us] Toe [us] TheToe [us’]
TOTAPOL 283 0.904 256
cyolyl-TOTAPOL 526 2,076 1092
bcTol 394 1.854 730
AMUPol 309 133 an
bcTol-M 437 1.827 798
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stants were extracted are shown in the Supporting Informa-
tion.

When varying the magnetic field position, it was observed
that for each biradical the relaxation time constants varied sig-
nificantly along the spread of the EPR spectra (Figure S15).
Figure 4 shows this effect explicitly along the ED EPR line
shape for cyolyl-TOTAPOL and bcTol-M. At 110 K, T,, is typical-
ly shortest at the g,, position and increases towards the edges
of the anisotropic spectrum. In contrast, T,, monotonically in-
creases from the low towards the high field edge. This varia-
tion of relaxation parameters can be attributed to a large ani-
sotropy of relaxation and we expect that it significantly con-
tributes to the DNP process. Since the spectral position of spin
packets evolves constantly during sample rotation for CE DNP
under MAS, the electron spin relaxation parameters vary equal-
ly during a rotor period. The ramifications of this situation are
very difficult to predict and may range from a simple averag-
ing of the effective relaxation time constant to a strong influ-
ence of the instantaneous relaxation properties during differ-
ent steps of the MAS CE mechanism. While the former situa-
tion seems to be most probable in the case of T,, (i.e., one ni-
troxide experiencing an average T,. over the full rotor period)
due to the rotation period being several-fold shorter than mea-
sured T,, constants, the instantaneous T,, probably has to be
taken in to account for various CE matching events. However,
the relative variation over the full EPR spectral breadth for T,,

900 3
cyolyl-TOTAPOL
E—

600+ -2
@ iy
e =
B &
~ ~

3004 L1

PR
0 T T T T o
9.37 9.38 9.39 9.40 9.41 9.42
Magnetic Field [T]
900 3
bcTol M

600 4 — -2
@ iy
2 =
8 &
~ ~

3004 -1

-
0 T T T T o
9.36 9.37 9.38 9.39 9.40 9.41

Magnetic Field [T]

Figure 4. Relaxation trends with magnetic field: T,. (open square, shown on
left ordinate) and T,. (open circle, shown on right ordinate) vary in magni-
tude along the echo-detected EPR spectrum (gray line) shown exemplarily
for cyolyl-TOTAPOL and bcTol-M recorded at 110 K.
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(~40%) is much smaller than that of T, (up to 400%). Never-
theless, this anisotropy has not yet been accounted for in nu-
merical simulations of MAS CE DNP and it will be interesting to
see if it has a significant effect in the prediction of enhance-
ment factors or DNP field profiles."

DNP efficiency

The efficiency of the five radicals was compared via polariza-
tion of proline in a solution of the standard cryoprotecting sol-
vent, “GDH" (60% [Dglglycerol, 30% D,0O, 10% H.,0), using the
same stock solution for the preparation of the five samples. As
is common in solid-state NMR at low spinning frequencies, 1D
3C NMR spectra were recorded with an individually optimized
'H-"3C CP. Control experiments showed that the line widths of
proline carbon resonances are independent of temperature
and radical after freezing. Two different types of parameters
were determined: () the DNP enhancement factor ¢, measured
by comparing peak intensities in spectra recorded with and
without MW irradiation but otherwise identical conditions
(Figure 5, light blue columns), and (ii) the sensitivity « which is
defined as the signal-to-noise ratio under microwave irradia-

() 107 e42 e~164 227 222 238 [ 300

- {250

8 TTH

7 200 _
o 6 “0.’ | K
2 5 ‘ 150 2
~ v

. 100 % ¢

3

21 50

o

A B C D E
(B)
120 120

— 100 100
2 AL TieTz
& 801 80 %
:I g B T Tl
K, 60 60 & SR,
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20 1 20

A B Cc D E

Figure 5. DNP efficiency of the biradicals and their relaxation parameters.
(A) Sensitivity (steel blue) proton longitudinal build-up rate T, (yellow), en-
hancement values ¢ (bright blue). (B) Signal-to-noise per 10 min divided by
10 SNRo\/10 (green), saturation (cyan blue) and relaxation (orange) factors.
(A: TOTAPOL B: cyolyl-TOTAPOL C: bcTol, D: AMUPol, E: bcTol-M).

CHEMISTRY

A European Journal

Full Paper

tion divided by the square root of the total measurement
time,”” in our case chosen to be 10 minutes [Eq. (1)].

~ SNR R
YN, 13T, )

In all such experiments, the recycle delay was set to a sample-
specific 1.3xT,,, and the number of scans (Ns) was adjusted
accordingly. Please note that for reasons of simplicity we use
Tin as symbol for both the nuclear spin-lattice relaxation time
and the DNP build-up time constant. For the radical-doped
samples, these parameters are equal.

The enhancement factor reports largely on the efficiency of
electron—-nuclear transfer processes which are driven by differ-
ential electron saturation and mediated by the hyperfine cou-
pling as well as electron-electron couplings. The measurement
of SNRyy displays the actual sensitivity, thus also reflecting the
effects of nuclear depolarization and other factors such as the
efficiency of CP and the rate of nuclear polarization build-up.
To ensure comparability, both types of measurements were
always performed subsequently for each radical, immediately
after freezing the sample, temperature equilibration, tuning
and parameter optimization, and within a time segment of an
hour. In this way we employed the same optimized parameters
for CP, recycle delay, and decoupling, thus strongly reducing
the possibility for divergent results due to systematically differ-
ent experimental conditions. The measured values are listed in
Table 2 and graphically displayed in Figure 5(A). The two radi-
cals with TOTAPOL-type linkers are shown to the left in
Figure 5 and the three urea-based radicals to the right. For the
latter series, the degree of amide alkylation increases from left
to the right.

Overall, the three radicals with a urea-derived linker per-
formed similarly and significantly better than cyolyl-TOTAPOL
and especially TOTAPOL, which correlates with the larger effec-
tive electron-electron couplings of the former group of radi-
cals (Figure 2). TOTAPOL is outperformed despite its largest
sensitivity in MW experiments, showing the smallest depola-
rization/quenching by a significant margin. Within the series of
urea-based radicals, there is a larger variation in the SNR, and
K than in the enhancement values. An interesting case is given
by the direct comparison between bcTol and bcTol-M, where
the only difference is the alkylation level of the bridging
amides. Here, the enhancement of bcTol-M is only 5% larger,

Table 2. Signal-to-noise ratio (SNR) per 10 min, enhancement ¢ and sensitivity values x recorded at 110 K and 8 kHz MAS under CW microwave irradiation.
The five different proline samples are doped with 10 mm nitroxide biradicals. Data was evaluated for 'H-'3C CP experiments, (all reported SNR values refer
to the CO signal of proline.
Radical SNRox SNRoke e K [s7%°] N, Ty [s] Rel. polarization gain [arb. units]
TOTAPOL 1351£52 38+5 42+2 55+2 60 7.7 43.24+6.3(1.7)
cyolyl-TOTAPOL 3447438 2142 164+3 141+1 52 8.9 118+17(0)
bcTol 53584193 2642 22748 220+8 60 7.8 171425(6)
AMUPol 6079 +94 28+1 222+9 247 +4 88 53 160+ 23(3)
bcTol-M 6463 +386 301 238+7 264+14 110 42 152423(9)
no radical 13+2 14+2 - 0.56+0.08 12 40 1
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whereas the sensitivity gain is increased by 17% owing to the
decrease of T, by bcTol-M.

By normalizing SNRy to the number of scans, and dividing
it by the normalized SNRq; of the proline sample without radi-
cal, we obtain ratios that are a measure of the DNP-induced
change in proton polarization monitored at the proline carbon
sites, see last column in Table 2 where we call them 'relative
polarization gain’. This ratio reflects the virtual gain in proton
polarization as detected via transfer to the analyte carbon sig-
nals, whereas the absolute gain in proton polarization is cer-
tainly higher but influenced by paramagnetic quenching, CP
efficiency, etc. With the assumption that the Boltzmann polari-
zation at 110 K is 0.0087 %, we may express this ratio as virtual
polarizations of 0.38, 1.03, 1.49, 1.39, and 1.32% for radicals A,
B, C, D, and E, respectively. Interestingly, bcTol shows the high-
est virtual polarization, however, SNRyy is higher for bcTol-M
than for bcTol through T,,, effects.

In Figure 5(B), the DNP-enhanced signal-to-noise ratios are
shown together with the respective saturation (T,.T,.) and re-
laxation factors (T .T,.T14). While the saturation factor accounts
for the continuous wave saturation efficiency, the latter param-
eter has been discussed as a potential measure of cross effect
efficiency.”” In general, a clear correlation between the relaxa-
tion parameters and the SNRyy or enhancement values is not
apparent. While the different T,,, values may explain the diver-
gence between enhancements and SNR values, the electron re-
laxation parameters appear particularly uncorrelated to either
one. According to Figure 5(B), cyolyl-TOTAPOL would be ex-
pected to perform best, while AMUPol would perform signifi-
cantly worse than bcTol, if the enhancements would depend
mostly on electron relaxation.

An insightful relation was revealed when the normalized
SNR gain (i.e., SNRyy of a radical-doped sample with MW irradi-
ation compared to the SNRy; of an undoped sample) was
plotted against the DNP enhancement factors (Figure 6). From
a general perspective, an overall correlation is apparent. How-
ever, a closer look at the distribution reveals a considerable di-
vergence from a straight line. For cyolyl-TOTAPOL, the en-
hancement values suggest 74 % effectiveness in comparison to
AMUPol, whereas it is in reality only 57% for the proline stan-
dard samples employed in this study as stated by the SNRqy
values. This divergence is particularly relevant when comparing
the performance of bcTol, AMUPol and bcTol-M. The enhance-

500+ bcTol-M
450 AMUPol -
c 4004 "
©
S 3504 bcTol
x
Z 300
»
g2 Iyl-TOTAPOL
cyolyl-
& 200
©
£ 150
o
Z 100 P
TOTAPOL
50 -
0 T T T T 1
0 50 100 150 200 250

DNP enhancement

Figure 6. Correlation between the normalized SNR gain and the DNP en-
hancement factor e.
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ment values of these radicals are similar, while the SNRgy in-
crease with the degree of alkylation and speak for bcTol-M as
the radical of choice.

Molecular mechanics-based conformational search

In an attempt to correlate the conformational space adopted
by the biradicals with the EPR and DNP NMR data, molecular
mechanics-based conformational searches were performed,
using the OPLS3 force field in MacroModel employing an im-
plicit solvent model (Figure 7). The results for the five biradicals
differ with respect to the distribution of electron-electron dis-
tances and angles between the nitroxide groups. The 3-amino-
propane-1,2-diol linker in TOTAPOL is longer than the urea-
based linker, but is flexible, enabling distances even below 9 A.
The maximum distances between the nitroxides in TOTAPOL
are around 16 A, with a high occurrence of conformers in the
range of 13-16 A that contain many orientations of the nitro-
xide groups relative to each other. In contrast, the urea linker
is short and either rigid or flexible, depending on the substitu-
tion pattern. In our simulations, the double bond character of
the bond connecting the nitrogen to the carbonyl group in
the urea linker depends critically on the presence of a proton
as substituent on the nitrogen. If a urea nitrogen carries a
proton, a conformational search utilizing the OPLS3 force field
indicates that the rotation around the CO—N bond is hindered
and the bond length is shortened in comparison to a doubly
alkylated urea nitrogen. If the nitrogen does not carry a
proton, the force field allows for free rotation around the CO—
N bond and a considerable conformational space is occupied.
Thus, the radical centers in the urea-linked radicals may adopt
a minimum distance (d,,,) of 9 A but will not be further than
13 A apart. There is a considerable difference in distribution,
whereby bcTol-M allows shorter distances (down to 9 &) with
a spread of up to 11 A, in comparison to the planar bcTol
(dn>12.2 A). AMUPol was expected to show free rotations
around the CO—N bond involving the doubly alkylated urea ni-
trogen but appears more or less locked in a single conforma-
tion due to interactions of the first ethylene glycol chain
oxygen with the urea amide group. However, the force field
used may produce an overly constraint molecule. In all cases,
the piperidine moiety may rotate around the connecting bond.

Discussion

Five different radicals, including the new radicals cyolyl-TOTA-
POL and bcTol-M, were investigated at 9.4 T with respect to
their EPR properties and DNP NMR efficiency. Their per-
formance as polarization sources in DNP experiments was char-
acterized by the enhancement factor ¢ as well as SNRyy meas-
urements using standard proline samples containing 10 mm
biradical in GDH. The electron relaxation parameters for the
radicals are very different, and difficult to correlate with the
molecular structures of the biradicals. Furthermore, we do not
see a clear correlation between electron relaxation properties
and DNP performance.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@1 ChemPubSoc
f Europe

TOTAPOL

number of occurrences
«w
L

0

-
o
L

8 10 12 14 16
distance between nitroxyl oxygens [A]

G
©
o

bcTol

number of occurrences
= N W H» O O N @
588533358

8 10 12 14 16

distance between nitroxyl oxygens [A]

@

12- AMUPol

number of occurrences
o0

8 10 12 14 16
distance between nitroxyl oxygens [A]

@ beTol-M

n (4]
(&) o

n
o

number of occurrences
S @

o

8 10 12 14 16
distance between nitroxyl oxygens [A]

CHEMISTRY

A European Journal

Full Paper

B) 6 cyolyl-TOTAPOL

» 51

1o

2

o

5 4

8

o

S 3

[

o

£

2

| |
8 10 12 14 16
distance between nitroxyl oxygens [/\]

(D)
(F)

(H)

Figure 7. Distance distribution of the nitroxide oxygen atoms: conformational ensembles were calculated with molecular mechanics-based conformational
search for the biradicals TOTAPOL (A), cyolyl-TOTAPOL (B), bcTol (C), AMUPol (E) and bcTol-M (G). Structural ensambles containing a number of favourable
conformers are also shown for the radicals bcTol (D) AMUPol (F) and bcTol-M (H). The bin width of the histograms was set to 0.2 A.

A clear correlation was, however, obtained between the two
types of linkers and the DNP efficiency, whereby radicals with a
urea moiety showed significantly higher enhancements and
also SNRgy than 3-aminopropane-1,2-diol-linked radicals. The
two types of linkers give rise to different effective electron-
electron dipolar couplings, largely through influences on the
magnitude of J,,"'® that is large for the urea-linked radicals, as
manifested in additional splitting patterns in their EPR spectra
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(Figure 2, Table 1). As a second factor, their (average) electron-
electron distances may be shorter, but not enough to explain
the larger splitting. Within the series of urea-linked radicals,
the increase in SNRyy correlates with the number of substitu-
ents on the urea linker. This is a result of the change in proton
polarization dynamics, connected to a shorter T,; and thus
DNP build-up time for bcTol-M. This is corroborated by the rel-
ative polarizations that are shown in the last column of
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Table 2, which indicate a higher efficiency per scan for bcTol,
however, its T,y is much longer than that of bcTol-M. The struc-
tural differences between bcTol and bcTol-M are similar to the
differences between the two radicals PyPol and PyPol-diMe."
The better performance of PyPol-diMe has been attributed to
the change of the relative orientation of the TEMPO moieties
upon alkylation.”® Our molecular mechanics-based conforma-
tional search shows a random distribution of orientations for
the dimethylated radical whereas extended, more ordered
structures are observed in the non-methylated case.

Three of the biradicals under investigation here contain spi-
rocyclohexanolyl groups that are adjacent to the nitroxide
group. The influence of replacing the methyl groups as present
in TOTAPOL with cyclohexanolyl rings has been discussed ear-
lier."” Consistently with these earlier observations, cyolyl-TO-
TAPOL shows higher values for ¢ and x than TOTAPOL. A strict
comparison of the influences by the tetrahydropyran and spi-
rocyclohexanolyl rings cannot be made on the basis of our
data, but it is fair to say that both groups may lead to very
similar DNP performance. An advantage of biradicals with the
spirocyclohexanolyl rings, such as in bcTol and bcTol-M lies in
the better solubility and easier handling of the compounds.

The molecular mechanics-based conformational search yield-
ed insight into the accessible conformational space and flexi-
bility of the various radicals and are correlated with the EPR
spectra. Conformational inhomogeneity is displayed in the "N
hyperfine triplet at the high-field edge of the EPR spectra
(Figure 2), where the electron—electron interaction is directly
represented as a further splitting of these lines. These g,, com-
ponents in the EPR spectra of the 3-aminopropane-1,2-diol-
linked radicals show broader lines but no discernible doublet
splitting, in contrast to those in the spectra of the urea-linked
ones, correlating with the larger distribution of electron-elec-
tron distances observed in the molecular mechanics-based
conformational search (Figure 7). Among the urea-linked radi-
cals, bcTol-M shows a larger line width of the g,, components
than bcTol or especially AMUPol, again correlating with a
wider distribution of electron-electron distances and a larger
number of conformers observed in the molecular mechanics
simulations.

Conclusions

In summary, we report the new radical bcTol-M with strongly
improved solubility in water or glycerol/water that shows in
our study large enhancements (>230) and also a high SNRgy
when used to polarize a proline standard sample. In SNRgy
measurements, its slightly better performance compared to
other radicals is largely determined by an effect on the proton
T,y of the analyte. The exact mechanism is not clear; however,
we note that the presence of the methyl groups that also pro-
mote nuclear relaxation might play an important role. Given
the simplified handling of bcTol-M, which is a crystalline solid,
we consider it an ideal tool for biological studies. In particular,
its high solubility in water and glycerol/water mixtures enables
highly concentrated stock solutions to be prepared, which sig-
nificantly simplifies sample preparation.
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