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Dynamic Nuclear Polarization with Biradicals
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The past few years has witnessed a renaissance in the use of (@) Dn
dynamic nuclear polarization (DNP) to enhance signal intensities
in NMR spectra of solids and liquids. In a contemporary DNP
experiment, a diamagnetic sample is doped with a paramagnet and
the large polarization of the electron spins is transferred to the nuclei
via microwave irradiation of the EPR spectrdmihe development

of gyrotron microwave sources (140 and 250 GHzhas permitted 400 200 0 200
these experiments to be performed at high fields (5 and 9 T), and Frequency (MH2)

signal enhancements ranging from 20 to 400 are observed, (b)

depending on the details of the experimerig, By, T, etc4° The e1e2 n

largest signal enhancements observed are in experiments where the Tl T lT l
thermal mixing (TM) or cross effect (CE) mechanisfd* are -~

operative. Although multiple spins may be involved in both

mechanisms, the underlying physics is essentially described by a ()
three-spin process that involves the coupling of two electrons whose
frequencies,wei/27r and wed27 in the EPR spectrum of the

polarizing agent, are spaced at the nuclear Larmor frequengy,

27 (see Figure 1a). When these electrons are dipolar coupled, then ! Roo
irradiation atwes produces a simultaneous spin flip of the second  Fjgyre 1. (a) lllustration of the EPR spectrum of monomeric TEMPO
electron atwe; and the nucleus leading to the generation of nuclear nitroxide. Note that the breadth of the spectrum-B00 MHz and is large
spin polarization (Figure 1b) through transitions suchoags,3>- compared to that of théH Larmor frequency (211 MHz). The arrows

: . - indicate the approximate frequencies of the electron spins, separated by
|B1020,L107 81028n[3~|aufS204L) Since the introduction of the DNP wn/27, expected to participate in the CE/TM DNP enhancement process

technique 50 years agd°all experimentsn hav_e relied on mono- () lilustration of the microwave-driven three-spin process associated with
meric paramagnetic centers such as a nitroxide or metal ion as aTM or CE DNP where two coupled electrons undergo an energy conserving

source of polarization. However, the ee~ dipole coupling is flip-flop process that leads to enhanced nuclear spin polarization. (c) The

; ; -~ _ molecular structure of the BIE biradicals whera is the number of ethylene
clearly an important parameter governing the efficiency of the three glycol units that tether two nitroxide radicals (TEMPO). The dots represent

spin TM and CE processes. Thu;, it should be pos.si.ble to 0p_timizethe two unpaired electrons whose displacement is approximated as the
the enhancements in DNP experiments by constraining the distanceoxygen-oxygen distanceRo-o.

between the two unpaired electrons. In this communication we

demonstrate the validity of this concept with experiments that enhancement factors, but to illustrate the applicability of DNP
employ biradical polarizing agentsconsisting of two 2,2,6,6- experiments to dilute samples we include as Supporting Information
tetramethylpiperidinyl-1oxyl (TEMPO) radicals tethered by a poly- a spectrum obtained from 5 mMC-urea. A control sample of 10
(ethylene glycol) chain (Figure 1c). These biradical polarizing agents mM monomeric 4-hydroxy-TEMPO was also examined. The
yield a factor of~4 larger signal intensities over those obtained samples were contained in 4-mm sapphire rotors, and a series of
with monomeric TEMPO. Further, the larger enhancements are DNP/CPMAS 13C spectra were recorded as a function of the
obtained at significantly lower concentrations, thereby reducing the microwave irradiation time using a 140-GHz gyrotron source and

0€CH2—CHZ—0

paramagnetic broadening present in the NMR spectrum. a low-temperature MAS probe operating at 90 Kegt2r = 3.5
The biradicals illustrated in Figure 1c were prepared from kHz.?
4-hydroxy-TEMPO and the di-, tri-, or tetra-ethyleneglycol-di- Figure 2 illustrates a typical nuclear polarization buildup curve

tosylate using methods outlined by Gagnaire et’ayielding a obtained with a sample of BT2E. Note that tH€ signal from
series of bis-TEMPQrethyleneglycol (BTE) biradicals. Solution urea is barely visible on the vertical scale used in the absence of
EPR spectra of BAE (n = 2, 3, or 4) (1 mM in methanol) showed microwave irradiation. However, with 315 s of microwave

the expected five lines indicating a strong exchange interaction irradiation, the signal grows dramatically, reaching a plateau after
(larger than¥N hyperfine interaction) between the electréhs. ~~15 S where we measure an enhancement of 175. Figure 3
Samples for the DNP experiments consisted of 5 mM biradical (10 lllustrates the dependence of the enhancement on the length of the
mM electrons) and 2 M3C-urea dispersed in a 60:485-DMSO/ ethylene glycol linker and shows that, as the linker is shortened
H,0 (90%2H,0) glass-forming mixture. The high concentration ffom n = 4 to 3 to 2 the enhancement increases from 80 to 110

of 13C-urea facilitated the rapid and accurate determination of the @nd finally to 175, respectively. The estimated erroe-&S. For
10 mM TEMPO in this solvent system we observe an enhancement

 Francis Bitter Magnet Laboratory. of 45. Thus, tethering the two TEMPO radicals yields a factor of
* Department of Chemistry. 3.9 larger enhancement.
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Figure 2. 13C DNP-MAS spectra illustrating the growth of tAéC-urea
signal as the irradiation time is increased. The polarizing agent was BT2E
at a concentration of 5 mM (or 10 mM electrons). As indicated in the figure,
the maximum observed enhancement was *785. The inset shows the

To achieve a larger DNP enhancement we could naively
extrapolate the approximate linear dependence illustrated in Figure
3to a Ro-o) 2 value corresponding to a shorter linker. The shortest
biradical in BThE series is BTk and with an estimateBy-o of
1.43 nm (y/27 = 18.5 MHZz) which could yield a DNP enhance-
ment of ~250. Achieving this value may depend on the-e~
dipole coupling {4) remaining small compared to the frequency
separation illustrated in Figure 1 and the CE mechanism dominating
the DNP. In contrast, when the dipole coupling is strong. when
lwgl ~ |wp—the two coupled electrons form a ground-state
triplet,'823and in this case the TM DNP mechanism contributes to
the polarization process. Thus, synthesis of biradicals with a variety
of different rigid linkers containing two TEMPO radicals and
radicals that are different from TEMPO are in progress. These new
polarizing agents together with studies of the high-field EPR
spectrum and the measurement of DNP enhancements will help us
to distinguish between situations where CE or TM is the dominant
enhancement mechanism. These experiments are in progress and

pulse sequence used to record the spectra. It utilizes a train of saturatingyi|| pe reported in future publications.

pulses on théH channel to ensure that all of the polarization arises from

the DNP effect. The spectra were recorded at 90 K, using a 4-mm sapphire

rotor, w/2x = 3.5 kHz, and the microwave power was 1.5 W entering the
probe.
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Figure 3. Plot of the'H enhancement measured indirectly through the

13C spectrum as a function of the approximate electrelectron dipolar
as measured by the distance, specificaity[o] 3. The data points show

the DNP enhancements obtained from molecules corresponding to the

monomeric TEMPOr{ = ) and the three biradicals that are tethered with
4, 3, and 2 poly(ethylene glycol) units. Notice that the shorter the linker

the larger the enhancement. The electron concentration in all of the samples

was 10 mM corresponding to a concentration of 5 mM for the biradical
molecules and 10 mM for monomeric TEMPO. The enhancements were
recorded at 90 K ab,/27r = 3.5 kHz.

As can be surmised from Figure 1, the efficiency of the CE DNP
process is affected by the polarizing agent through the size of the
e —e  dipole coupling and the relative orientations of the two
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