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Abstract

Dynamic nuclear polarization (DNP) can increase nuclear magnetic resonance (NMR) signal
strengths by factors of 100 or more at low temperatures. In magnetic resonance imaging (MRI),
signal enhancements from DNP potentially lead to enhancements in image resolution. However,
the paramagnetic dopants required for DNP also reduce nuclear spin relaxation times, producing
signal losses that may cancel the signal enhancements from DNP. Here we investigate the
dependence of IH NMR relaxation times, including T1pand 75 under conditions of Lee-Goldburg
1H-H decoupling and pulsed spin locking, on temperature and dopant concentration in frozen
solutions that contain the trinitroxide compound DOTOPA. We find that relaxation times become
longer at temperatures below 10 K, where DOTOPA electron spins become strongly polarized at
equilibrium in a 9.39 T magnetic field. We show that the dependences of relaxation times on
temperature and DOTOPA concentration can be reproduced qualitatively (although not
quantitatively) by detailed simulations of magnetic field fluctuations due to flip-flop transitions in
a system of dipole-coupled electron spin magnetic moments. These results have implications for
ongoing attempts to reach submicron resolution in inductively-detected MRI at very low
temperatures.
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Introduction

Dynamic nuclear polarization (DNP) is a magnetic resonance phenomenon in which
excitation of electron spin-flip transitions by microwave radiation leads to enhanced nuclear
spin polarizations in a magnetic field. The larger nuclear spin polarizations result in larger
nuclear magnetic resonance (NMR) signals, potentially overcoming NMR sensitivity
limitations in various circumstances. First predicted by Overhauser! and demonstrated by
Carver and Slichter in alkali metals and liquid ammonia,2 DNP was subsequently extended
to a large variety of liquids®-8 and solids.®-16 Recent interest in DNP has been stimulated by
the development of the dissolution DNP method for NMR sensitivity enhancement in
solution NMR and in vivo NMR by Ardenkjaer-Larsen et a/.,17-18 and by the demonstration
of large DNP effects at high magnetic fields in frozen solutions of organic and biological
molecules by Griffin and colleagues.19-21

Recent applications of DNP have focused on NMR spectroscopy, where NMR signals carry
information about molecular and/or chemical structure, dynamics, or other properties, and
where DNP allows NMR measurements on smaller sample quantities in shorter times.22-27
As an additional application of DNP, our laboratory is pursuing the use of DNP in magnetic
resonance imaging (MRI). Here, DNP can potentially enhance the spatial resolution of MRI,
since spatial resolution in MRI is ultimately limited primarily by signal-to-noise. As shown
in experiments by Ciobanu er a/.28-2% and Weiger et a/.,3° inductively-detected 1H MRI of
sub-microliter samples near 300 K is limited to isotropic spatial resolution of approximately
3 pm, corresponding to the observation of NMR signals from the 1.8 x 1012 1H nuclei in a
27 um3 = 27 femtoliter volume element of water. Preliminary experiments in our
laboratory3! suggested that isotropic spatial resolution better than 1 pm in 1H MRI may be
achievable with low-temperature DNP, where nuclear spin polarizations and NMR signals
can be enhanced by factors of 103-10% relative to thermal equilibrium polarizations and
signals at 300 K.

Subsequently, we have demonstrated that 1H MRI images with 2.8 um isotropic resolution
can be obtained at temperatures below 30 K without DNP,32 using a radio-frequency (RF)
microcoil for excitation and detection of NMR signals, Lee-Goldburg (LG) irradiation33 to
attenuate H-1H magnetic dipole-dipole couplings during MRI phase encoding, pulsed spin-
locking (PSL) to enhance NMR signal detection sensitivity,34-3% and a compact system of
magnetic field gradient coils capable of generating gradients in excess of 400 Hz/um with 20
A gradient current pulses.32:36 In our low-temperature MRI experiments without DNP, we
have also used Dy3* doping to reduce the 1H spin-lattice relaxation time ( 77 4) of glass-
forming glycerol/water mixtures to 0.4 s at 28 K, thereby increasing the rate at which MRI
data can be acquired. In experiments at 9.39 T external magnetic field strength (399.2 MHz
1H NMR frequency), an MRI image with a 218 pm x 95 um x 95 pm field-of-view, 2.8 um
isotropic resolution, and a signal-to-noise ratio of 11 + 1 was acquired in 208 h.32

All other things being equal, a 100-fold enhancement of NMR signals from DNP (relative to
thermal equilibrium signals at 28 K) would be expected to improve the achievable spatial
resolution by a factor of (100)Y/3 = 4.64. Thus, sub-micron MRI resolution appears to be
within reach. Alternatively, an image with 1.0 um resolution could be obtained in 10 h.
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However, all other things are not equal. In particular, paramagnetic dopants for DNP are
typically nitroxide-based compounds,37-39 or similar compounds,*%-42 which have relatively
long electron spin-lattice relaxation times ( 77, compared with Dy3* and therefore do not
produce short 77 4 values. DNP dopant concentrations must be relatively high (>10 mM
electron spin concentrations) to produce large DNP effects. Under these conditions, build-up
times for DNP-enhanced nuclear spin polarizations typically exceed 10 s below 30 K.43-45
Moreover, IH NMR dephasing times during Lee-Goldburg irradiation periods ( 75, ) and
PSL signal detection periods ( 73 ps; ) are significantly reduced by fluctuating dipolar
hyperfine couplings to the DNP dopants, leading to reductions in total NMR signals. These
effects on nuclear spin relaxation properties can cancel the NMR signal enhancement
produced by DNP, thus preventing improvements in MRI resolution.

Motivated by the considerations described above, we have performed a systematic study of
the effects of DNP dopants on various nuclear spin relaxation times, including
measurements of the dependences of relaxation times on temperature and dopant
concentration. Experimental results are reported below. Importantly, we find that deleterious
effects on 7,; sand 7,pg; from DNP dopants become smaller at temperatures below 10 K,
where the thermal energy kg7 becomes less than the electron spin-flip energy ina 9.39 T
field (where kg is the Boltzmann constant and 7 is the sample temperature). After presenting
the experimental results, we describe a computational model for the temperature- and
concentration-dependent nuclear spin relaxation times, in which nuclear spin relaxation is
driven by fluctuating local magnetic fields produced by flip-flop transitions among dipole-
coupled electron spins. We demonstrate qualitative agreement between experimental and
calculated nuclear spin relaxation times, using realistic parameters in numerical calculations
based on this model.

Experimental Methods

NMR equipment

1H NMR experiments were performed with a 9.39 T, 89 mm bore magnet and a Tecmag
Redstone spectrometer. A variable-temperature NMR probe, based on a Janis Supertran
ST-200 continuous flow cryostat (Janis Research LLC), was used as described previously,32
with several modifications. Specifically, to ensure low sample temperatures, the half-
wavelength copper coaxial cable between the RF microcoil and the tuning and matching
capacitors was replaced with a cryogenic coaxial cable (silver-coated beryllium-copper inner
conductor and stainless steel outer conductor) in order to reduce the heat load on the
cryostat’s cold finger. In addition, the magnetic field gradient coils were removed, and the
sample capillary was moved closer to the cold finger by 2 cm. Each end of the sample
capillary (166 um outer diameter, 100 um inner diameter) was connected to an adapter
(MicroTight P881, IDEX Health & Science, Oak Harbor, WA), allowing us to change
samples without making a new RF microcoil (400 um length, 7.5 turns, wound around and
fixed to the capillary with cyanoacrylate glue). The temperature of the cryostat’s cold finger
was monitored by a thin film resistance sensor (Cernox CX-1050, Lake Shore Cryotronics,
Westerville OH) and was controlled by adjusting the flow of liquid helium and by a
temperature controller (CTC 100, Stanford Research System, Sunnyvale CA) that supplied
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current to the heater in the cryostat. For measurements at 3.3 K, the exhaust outlet of
cryostat was connected to the house vacuum. Sample temperatures were confirmed by
checking that the TH NMR spin echo signal amplitude was proportional to the inverse of the
set temperature (see Fig. S1 of Supporting Information).

Pulse sequences for relaxation measurements

Fig. 1a shows the pulse sequence used to measure values of 7, g, the 1H NMR signal decay
time during the Lee-Goldburg irradiation period (block B in Fig. 1a). This pulse sequence is
based on the sequence used for solid state MRI,32:36 but does not include magnetic field
gradient pulses. In the preparation period (block A), a train of nine /2 pulses separated by
1.0 s n periods was used to destroy any pre-existing 1H spin polarization, followed by a
period 7. for development of longitudinal *H spin polarization by recovery toward thermal
equilibrium (without microwave irradiation) or toward hyperpolarization induced by DNP
(with microwave irradiation). Background signals from outside the RF microcoil were
suppressed by application of either six or seven t  pulses (on alternating scans). Signals
were measured as a function of the Lee-Goldburg period z; s in block B, which was divided
into four periods with alternating phases (xy) and RF frequency offsets (+A/2z = +160
kHz). The RF field amplitude wy/27 = 226 kHz was adjusted to produce the Lee-Goldburg

effective field w; g2 = 277 kHz, tilted at the magic angle 6, = cos_l(llﬁ) from zin the

rotating frame. Pulses with flip angles @ = 6,,, + n/2 rotated the H spin polarization from 2
to an initial direction perpendicular to the Lee-Goldburg effective field and then back to z. A
7t pulse in the middle of the r; 5 period refocused signal dephasing due to static field
inhomogeneity. 1H NMR signals were detected in intervals between ay pulses in the pulsed
spin-locking period (block C).

For measurements of 77, values, the pulse sequence element in Fig. 1b was substituted in
block B of Fig. 1a. IH NMR signals were measured as a function of the continuous-wave
(CW) spin-lock period zs;, during which an on-resonance RF field with phase yand
amplitude w/2 7 was applied.

For measurements of Hahn echo 7, values, the pulse sequence element in Fig. 1¢ was
substituted in block B of Fig. 1a. Signals were measured as a function of the variable delay
Techo DEtWeen the /2 and 7 pulses. For measurements of Carr-Purcell 7, values, the pulse
sequence element in Fig. 1d was substituted in block B of Fig. 1a. Signals were measured as
a function of A, the number of 7z pulses in the Carr-Purcell echo train, with oz, = 30 5.
Phases of these 1t pulses followed the XY8 pattern ¢4 = X, Y, X, ¥, ¥, X, Y, X.46

Signal artifacts were minimized by phase cycling, with ¢1 = X, X, =X, =X in Figs. 1a and 1b,
$2 =X, =X, Yy, -y in Fig. 1c, and ¢3 =V, y, =y, -y in Fig. 1d. The receiver phase followed the
cycle ¢rec =+, —, —, +. In all experiments, the value of 7. was chosen to make the signal-to-
noise ratio greater than 30 for the first point in each experimental decay curve.

Signal decay times under pulsed spin-locking ( 7, ps;) were measured by substituting a
single /2 pulse with phase ¢1 in block B of Fig. 1a. 'H NMR spectra were obtained from
free-induction decays after Hahn spin echoes, without pulsed spin-locking. In certain
experiments to examine effects of microwave irradiation on nuclear spin relaxation times,
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microwaves were switched off at a time & before the beginning of block B, as shown in Fig.
la.

Microwave equipment

DNP experiments used a solid-state microwave source (Model VDI-TXS120, Virginia
Diodes Inc., Charlottesville, VA) with 30 mW output power at 263.0 GHz. Linearly
polarized microwaves from the source were propagated in free space via a quasi-optical
microwave system (Thomas Keating Ltd, Billingshurst, UK), transmitted into the NMR
magnet through a corrugated waveguide (13 mm inner diameter), passed through a Teflon
window in the bottom of the cryostat can, and directed to the sample through a microwave
horn and a tapered Teflon rod. To reduce the radiative heat load on the cryostat’s cold finger,
the microwave horn within the cryostat was cooled by mounting it on the radiation shield
that encloses the cold finger. Contact area between the horn and the Teflon window was
minimized, while maintaining concentric alignment with the corrugated waveguide. A TTL
signal from the NMR spectrometer, generated by the pulse program, was used to switch off
the microwave output in certain experiments.

Data processing and error analysis

Samples

For all relaxation measurements, the time-domain 1H NMR signals under pulsed spin-
locking were first Fourier-transformed. The zero-frequency amplitude in the Fourier
transform was used as the signal intensity at corresponding time points. Subsequent data
analyses were performed with Python scripts, using SciPy and NumPy libraries. Each
experimental signal decay was fit with either a single-exponential decay function [A§) =
aexp(—t! b) + d or a stretched-exponential decay function [A#) = aexp[-(¢/ H)P] +d,
providing an analytical function from which the 1/e decay time was taken to represent the
nuclear spin relaxation time. In cases where the experimental signals did not decay to 1/¢,
50% decay times were used instead. The lower and upper bounds of fit parameters were
calculated from the covariance matrix returned from the Levenberg-Marquardt algorithm.
Uncertainties in reported relaxation times (error bars in Figs. 3, 4, and 6) were calculated by
varying the parameter & between its upper and lower bounds and extracting the
corresponding 1/e or 50% decay times. 1H NMR linewidths (full-width-at-half-maximum,
FWHM) were determined by fitting the experimental spectra with Lorentzian functions.
Uncertainties in linewidths (plus and minus one standard deviation) were calculated from the
covariance matrix.

Each of the four samples used in experiments described below contained the same mixture
of ds-glycerol, D,0O (99.9%) and H,0 (60:39:1 volume ratios), buffered at pH 3 using
formic acid (8.2 pl/ml) and sodium formate (1.12 mg/ml). A proton density of 2.5% for this
mixture (relative to a fully protonated sample) was determined by liquid state 1H NMR. A
low proton density was used to reduce effects of *H-1H dipole-dipole couplings on nuclear
spin relaxation times. Samples were paramagnetically doped with DyCl3 (5 mM) or with the
triradical compound 4-[N,N-di-(2-hydroxy-3-(TEMPO-4’-oxy)-propyl)]-amino-TEMPO
(DOTOPA)3843 DOTOPA concentrations were 5 mM, 10 mM, and 15 mM.
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Experimental Results

1H NMR spectra and DNP enhancement

Fig. 2a shows 'H NMR spectra of the sample with 10 mM DOTOPA, obtained without
microwave irradiation. Additional 1H NMR spectra are shown in Fig. S2 of Supporting
Information, along with the corresponding FWHM linewidth values. Linewidths in these
spectra include both inhomogeneous (anisotropic chemical shifts, inhomogeneity of the
external magnetic field) and homogeneous (*H-1H dipole-dipole couplings, 7, relaxation)
contributions. A small but significant increase in linewidth, from 14 kHz to 17 kHz, is
observed as the temperature decreases from 30 K to 3.3 K, attributable to larger static
hyperfine fields at the lower temperatures. Fig. 2b shows DNP build-up (with microwave
irradiation) and 77 saturation-recovery (without microwave irradiation) curves for this
sample at 4.4 K. At 60 s, the 'H NMR signal enhancement factor from DNP is 93. The DNP
build-up time (7ppp) determined from a single-exponential fit to the data is 18.36 £ 0.15 s.
714 1s greater than 7Tppp, as expected when electron spins are strongly polarized at low
temperatures?4-45, Earlier DNP measurements*3 on non-deuterated glycerol/water solutions
with DOTOPA concentrations in the 20-30 mM range, using the same microwave source,
found enhancement factors that increased from 10 to 81 and 7ppp values that increased
from 1.4 s to 8.2 s as the temperature decreased from 80 K to 7 K.

IH T, g under Lee-Goldburg decoupling

Fig. 3a shows the dependences of 1H 75, ; values on temperature for Dy3*-doped and
DOTOPA-doped samples. Data were acquired by varying the value of z; s in the pulse
sequence in Fig. 1la. 7, g values were obtained by fitting the resulting signal decay curves
with stretched-exponential functions (see Fig. S3 of Supporting Information). For DOTOPA-
doped samples, 7, ¢ decreases with increasing DOTOPA concentration and increases by
roughly a factor of two as the sample temperature decreases from 10 K to 3.3 K.

In contrast, for the Dy3*—doped sample, 75,  decreases with decreasing temperature. This
is a clear indication of the qualitative difference between paramagnetic relaxation induced
by Dy3* and paramagnetic relaxation induced by nitroxide-based DNP dopants such as
DOTOPA. The larger 75, s values at higher temperatures in the Dy3*—doped sample are
attributable to more rapid electron spin-flip transitions at higher temperatures (shorter 77,),
which are less efficient for 75, s relaxation. In DOTOPA-doped samples, where 77, is more
than 10 ms in the experimentally relevant temperature range (see below), the temperature
dependence of 71, does not play a role in the temperature dependence of 75, .

IH T,ps, under pulsed spin locking

Fig. 3b shows the dependences of 1H 755, values on temperature for Dy3*—doped and
DOTOPA-doped samples. Data were acquired with the pulse sequence in Fig. 1a, but
without the Lee-Goldburg irradiation period. 7555, values were obtained by fitting the
resulting signal decay curves with single-exponential functions (see Fig. S4 of Supporting
Information). For DOTOPA-doped samples, 7,ps; decreases with increasing DOTOPA
concentration and increases by roughly a factor of two as the sample temperature decreases
from 30 K to 3.3 K. For the Dy3*—doped sample, 7,55, increases weakly with increasing
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temperature. The larger values of 7pg; in theDy3*—doped sample are attributable to more
rapid electron spin-flip transitions (shorter T1,), which are less efficient for 7,p5; relaxation.

1H Ty, under CW spin locking

Fig. 4 shows the dependence of the 1H 71, value on the CW spin-lock field strength (wy/27)
for samples doped with Dy3* and DOTOPA at 30 K, 10 K, 4.4 K, and 3.3 K. These data
were obtained with the pulse sequence in Fig. 1b, without microwave irradiation. 73, values
were obtained by fitting the dependences of 1H NMR signals on zg; with stretched-
exponential decays. CW spin-lock decay curves for the 5 mM, 10 mM, and 15 mM
DOTOPA samples are shown in Figs. S5-S7 of Supporting Information. For DOTOPA-
doped samples (Figs. 4b-4d), 710 values increase with decreasing temperature and (in most
cases) with increasing field strength. With w27 =20 kHz, 71,at 3.3 K is roughly three
times greater than at 30 K. 7=1p also decreases with increasing DOTOPA concentration,
being roughly four times greater at [DOTOPA] = 5 mM than at [DOTOPA] = 15 mM.

For the Dy3*—doped sample (Fig. 4a), T1, generally increases with increasing temperature,
opposite to the behavior of DOTOPA-doped samples. As with the 75, s results discussed
above, this difference in temperature-dependence of 73, reflects the qualitative difference
between paramagnetic relaxation in Dy3*—doped and DOTOPA-doped samples. The larger
T1, values at higher temperatures in the Dy3*—doped sample are attributable to more rapid
electron spin-flip transitions, which are less efficient for 73, relaxation.

In addition, for the Dy3*—doped sample, 71, decreases with increasing . This is a
surprising observation, since one generally expects 73, to increase with increasing wy [see
Egs. (1) and (3) below]. The reduction in 73, from >1 s at e/27 < 40 kHz to 550 ms at
wn/2 =100 kHz may be due to phase noise in the spin-locking field (/.e., small-amplitude
fluctuations of the spin-lock field direction in the NMR rotating frame). A decay rate 1/7,
~ 1.8 571 due to phase noise at e, / 27z = 100 kHz would explain the data for the Dy3*
—doped sample, but would make a minor contribution to data for the DOTOPA-doped
samples, for which 1/73,> 3 s1 due to paramagnetic relaxation. However, phase noise
would not explain the reductions in 73, with increasing c«; for the Dy3*—doped sample at
temperatures below 30 K. We do not have a comprehensive explanation for the dependences
on wy in Fig. 4a.

1H T, in Hahn and Carr-Purcell spin echoes

1H 75 values from Hahn spin echo measurements, obtained with the pulse sequence in Fig.
1c, are roughly 270 ps, 220 ps, 135 ps, and 140 ps for the 5 mM Dy3*, 5 mM DOTOPA, 10
mM DOTOPA, and 15 mM DOTOPA samples, respectively (see Fig. S8 of Supporting
Information). 7, values increase somewhat at the lowest temperatures in the 10 mM and 15
mM DOTOPA samples.

1H 7, values from Carr-Purcell echo train measurements, obtained with the pulse sequence
in Fig. 1d and with zgchg = 30 s, are roughly 235 ps, 190 ps, 135 ps, and 160 ps for the 5
mM Dy3*, 5 mM DOTOPA, 10 mM DOTOPA, and 15 mM DOTOPA samples, respectively
(see Fig. S9 of Supporting Information). Only the 15 mM DOTOPA sample shows a small
dependence of 7, on temperature.
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We can attribute the temperature-independent 75 value in the Dy3*—doped sample, which
corresponds to a homogeneous *H NMR linewidth of approximately 1.3 kHz, to 1H-1H
dipole-dipole couplings. The fact that 7, values are shorter in the 10 mM DOTOPA and 15
mM DOTOPA samples indicates that relatively slow hyperfine field fluctuations in these
DOTOPA-doped samples also contribute to 7, The similarity of 75 values from Hahn spin
echo and Carr-Purcell echo train measurements indicates that hyperfine field fluctuations on
time scales greater than 30 ps do not make a significant contribution to 7; In other words,
fluctuations on shorter time scales have sufficient amplitudes to account for the observed 7,
values. This inference is consistent with correlation times for hyperfine field fluctuations
discussed below.

Effects of microwave irradiation on 1H nuclear spin relaxation times

As described in detail below, the observed dependences of *H nuclear spin relaxation times
(7216 Tip and Tops;) on temperature in DOTOPA-doped samples are due to the
temperature dependence of the electron spin polarization at thermal equilibrium. When kg7
is large compared with the electron spin-flip energy Aw,, individual electrons have nearly
equal probabilities of being in |+) or |-) spin states. Electron spin flip-flop transitions, which
require that coupled electron spins be in opposite states, are then relatively frequent,
producing relatively large fluctuations of the local magnetic fields from electron magnetic
moments (/.e., hyperfine field fluctuations). Fluctuating local fields then drive nuclear spin
relaxation. Conversely, when kg T < hw,, electron spins become strongly polarized, /.e., the |
+) state becomes less probable than the |-) state. Electron spin flip-flop transitions then
become less frequent, fluctuations of local magnetic fields become smaller in amplitude, and
nuclear spin relaxation becomes slower.

If this explanation is correct, then it should be possible to increase nuclear spin relaxation
rates, at temperatures where electron spins are strongly polarized, by applying microwave
radiation that excites electron spin transitions. Excitation of electron spin transitions with
microwaves should reduce the electron spin polarization, increase the rate of flip-flop
transitions involving coupled pairs of electrons with opposite spin states, and thus increase
the amplitude of local magnetic field fluctuations that drive nuclear spin relaxation. At
temperatures where electron spins are not strongly polarized, microwave irradiation should
have a negligible effect.

Data in Fig. 5 for the 10 mM DOTOPA sample support this picture. Figs. 5a—c compare
721 ¢ measurements with microwaves on and off. While no difference is observed at 30 K,
microwave irradiation reduces 7; g by 15% at 10 K and by a factor of two at 4.4 K. Figs.
5d-f compare 7;ps5, measurements with microwaves on and off. Figs. 5g—i compared 73,
measurements with microwaves on and off. While no differences in 7,5, and 71, are
observed at 30 K, small differences at 10 K and larger differences at 4.4 K (50% reduction in
T2ps;, 35% reduction in 71p) are observed.

Fig. 6 shows the results of 7,; g measurements in which microwaves were applied

continuously for at least 10 s before each scan, but then switched off at a time & before the
relaxation time period in the pulse sequence (see Fig. 1a). As shown in Fig. 6a, at a sample
temperature of 4.4 K, the measured value of 75, s increases from about 1.0 ms to about 1.6
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ms as & increases. Fitting this dependence on & with a single-exponential function of the
form 75, 6(6) = To— Tpexp(=61 &) results in & = 84 + 18 ms. We interpret & as the
characteristic time for recovery of the thermal equilibrium electron spin polarization,
following reduction in this polarization by microwave irradiation. In other words, & is
approximately 7;.at 4.4 K. Similarly, at 10 K, we find & = 76 £ 15 ms.

Figs. 6b—6d show examples of 7, s decay curves for several values of &, from which the
75 ¢ values plotted in Fig. 6a were derived. Similar data for the dependence of 7,55, On &
are shown in Fig. S10 of Supporting Information.

Computational Model

Expressions for nuclear spin relaxation times

A full derivation of expressions for 7;,and 7, g relaxation times produced by fluctuating
local magnetic fields is given in Supporting Information. The final expressions are:

Tlp_l = %'/0 de{f(D)[cos(wy — )t + cos(wy + w))7] + 2g(z)cos w r} (1)
T, = % A“df{ F(@[2cos ot + %COS(G)L -t %COS(%G + o)

1+ g@(1 + cos w; ;7)}

O]

In these expressions, wp, w1, A and o, ; = A+ wlz =3 A =320, are the IH NMR

frequency, the RF field strength, the Lee-Goldburg frequency offset and the Lee-Goldburg
effective field strength (all in rad/s), and w = awy>— A. The autocorrelation functions of
transverse and longitudinal local magnetic fields are

f@ =y " BOB (1 + 1) = szBy(t)By(t +7) and g(z) = 7,,°B(0B_( + 1), respectively. Here

¥+ s the proton gyromagnetic ratio (in rad/s per Gauss) and By, . is the total fluctuating
field at the nucleus from the magnetic moments of surrounding electron spins.

In the simple case when the autocorrelation functions are single-exponential decays [/.e.,
) = fexp(-t/ 7 and g (z) = go exp(- / z,)], Egs. (1) and (2) become

f T, T, T

-1 0 f f g

=5 + +g ®)
p 211 + (wy + w1)21f2 I+ (wy — a)l)zrf2 8 + w121g2
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ro_ & 4z . Q2+ \/§)Tf . Q- ﬁ)rf . @
UG T 6|1 4 w2e 2 1 2_2 _ 2_2
T + (@ + wp5) T I+ (0 - w0 s
8o Te
—I|7 + [ A—
318 + a)LGZng

In our experiments, w, wy >>wy, w; g If wtg wyTe>>1, which means z>> 0.4 ns in our
experiments, and if z;~ zz then terms proportional to 4 are much smaller than terms
proportional to gy. If w; 7y, gTg>>1, which means z,>> 8 ps in our experiments, then
T206 << Ty, As discussed below, numerical simulations indicate that the autocorrelation
functions are not single-exponential decays. If the autocorrelation functions are multi-
exponential decays, 7'1p‘1 and 7, 51 are sums of contributions from each exponentially
decaying term, with each contribution having the forms shown in Egs. (3) and (4).

The equations above apply to NMR 71, and 73, s relaxation caused by fluctuating local
magnetic fields, regardless of the source of these local fields. The following sections give a
method for simulating local field fluctuations that arise from electron-electron flip-flop
transitions in a many-electron system. Autocorrelation functions calculated from numerical
simulations are then used to evaluate 73,and 73, values.

Expression for electron spin flip-flop rate

If two coupled electron spins 7and jin a strong external magnetic field are initially in
opposite spin states, it can be shown that the rate of flip-flop transitions (/.e,, transitions
from the |+-) state to the |- +) state) can be expressed as

2

dii” [
kij = =, di[F (DF (1)*] (5)
wh B ye2h(3cos29ij _ o _ ' '
ered,; = ——————1s the magnetic dipole-dipole coupling strength (Gaussian

2R..
ij

units), Rjjis the inter-spin distance, 6j; is the angle between the inter-spin vector and the
external field direction, ¥, is the electron gyromagnetic ratio (in rad/s per Gauss), and F{%)
and F2) are the free-induction decay signals of the two spins in the absence of the coupling,
with F{0) = F;(0) = 1.47 Assuming F{2) = exp(-k2)exp(iw;t) and £ (8) =

exp (- kP)exp(fw;l), Eq. (5) becomes

4,2 2
kij=d,; ’,_32k exp[( A w;;)"/8k] (6)
2
dij wln2

2
= w2 exp[ —2In2( A a)l.j/a)FWHM) ]
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where Awj;is the difference in precession frequencies of the two spins and weypyis their
FWHM linewidths (both quantities in rad/s).

Kinetic model for flip-flop transitions in a many-electron system

To estimate 1H NMR relaxation times under different experimental conditions, we
calculated the local magnetic field fluctuations arising from electron spin flip-flop events.
The calculation was repeated many times with different initial parameters to describe the
average behavior of the disordered many-spin system. We now describe the workflow for a
single calculation.

First, Np DOTOPA molecules are placed at random positions within a cubic volume,
centered at the origin and with dimensions calculated to give the desired DOTOPA
concentration. Each molecule is represented by an equilateral triangle with sides equal to 1.3
nm, and the orientation of each molecule is assigned with random Euler angles. Electron
spins are located at the vertices of each molecule. Although the positions and orientations of
the DOTOPA molecules are generated randomly, positions and orientations that place an
electron spin within a minimum radius of the origin (1.5 nm in simulations described below)
are rejected, to prevent any single electron spin from making an unrealistically large
contribution to the magnetic field at the origin (where the 1H nucleus is located). The
precession frequency of each electron spin is set to w;= Q(3 cos? &-1) / 3, where &;is the
angle between the direction from the center of its triangle to its vertex and the direction of
the external magnetic field (taken to be the zdirection). Q/2r is taken to be 800 MHz,
similar to the width of a nitroxide electron spin resonance line in a frozen solution at 9.39 T.

At the beginning of each simulation, each electron spin is randomly assigned a spin state of |
+) or |-), corresponding to spin angular momentum vectors S equal to (0,0, + 1/2) or (0,0,
-1/2). The numbers n.and 7- of electrons in the two states are determined by the
temperature according to n./n1- =exp(-hy.By | kgT), where By is the external magnetic
field strength, and kg is the Boltzmann constant. For By =9.39 T, Ay.By = kgTwhen 7=
12.6 K. Typical configurations are shown in Fig. 7a. For any configuration, the total
magnetic field at the origin produced by the electron spin magnetic moments is

B h%} Lgs, - 20010, )
= -y S - -
e |"i|3 l |"i|2

where r;is the position of electron spin /.

Due to flip-flop transitions, the distribution of spin states may change from one time point to
the next in a simulation. In each time step, the total probability for electron spin /to undergo

a flip-flop transition is given by p, = [1 — exp( - Z ki step)s where g is the length of the
e

time step and &j; is defined in Eq. (6). Importantly, &j;is zero if spins 7and are in the same
state. To determine whether spin 7changes its state in this time step, a random number xin
the interval [0, 1] is generated. If x <p;, spin /changes its state. To determine the flip-flop
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transition partner of spin / flip-flop rates between spin 7and all other spins are normalized
according to ki =kl Z ki and are used to partition an interval [0, 1] by means of a set of
J#FI
lower bounds A= kz .kik’ and upper bounds v;; = A; + k,-/-’. A random number x between
<J
[0, 1] is again generated, and if A;; < x < v;;then spin jalso changes its state.

Within each time step, the process described in the previous paragraph is repeated 3Ny
times, with each electron being selected to be spin 7in one repetition. The order of selection
of electrons is random in each time step. It should be noted that the distribution of spin states
may change in each repetition, which may affect the probabilities p;in subsequent
repetitions because &j;is non-zero only if spins 7and jare have opposite spin states.

After each time step, Eq. (7) is used to calculate the total field at the origin, which is then a
function of time B(#). Each configuration (/.e., positions and orientations of DOTOPA
molecules and initial spin state assignments) therefore yields time-dependent field
components, from which the autocorrelation functions B (NB (1 + 1), By(z)By(z + 7), and

B (DB(t + 7) are calculated, according to:

N-—-n
1
B (DBt + nty,,) = 57— 21 [B,(mty,,) — BB (mi, + iy, ) = B (8)
m=

N
1
Baave = ﬁ ZlBa(mtStep)

m=

where NVis the number of time steps in the simulation. For a given temperature and
DOTOPA concentration, autocorrelation functions are averaged over many configurations to
produce the final autocorrelation functions, which can then be used to calculate 73, and
7,16 values according to Egs. (1) and (2). Although B, (1B (1 + 7) and B (0B (t + 7) may be

different in a given configuration, by symmetry they must be equal when averaged over
configurations. Therefore, these two autocorrelation functions are combined as

B (0B (i + 1) = %[Bx(t)Bx(t +70) + B OB+ ).

Averaging of autocorrelation functions over configurations with different positions and
orientations of the DOTOPA molecules is an approximation that allows us to calculate a
single value for each nuclear spin relaxation time. In experiments on frozen solutions, each
configuration represents a different structural environment within the sample, with its own
relaxation times. Experimental measurements are therefore sums of signals with different
relaxation times, and multi-exponential decays are expected. In principle, we could calculate
relaxation times for each choice of positions and orientations of the DOTOPA molecules and
then simulate the multi-exponential decays. However, this would require longer total
simulation times in order to generate adequate autocorrelation functions for each
configuration.

J Phys Chem B. Author manuscript; available in PMC 2019 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen and Tycko

Page 13

Important features of the model described above are: (i) it includes the tri-nitroxide character
of DOTOPA explicitly; (ii) it allows calculations to be performed at specified temperatures
and dopant concentrations without external assumptions about temperature- and
concentration-dependences; (iii) it treats electron spectral diffusion through a flip-flop
transition rate that is derived from quantum mechanical time-dependent perturbation theory,
rather than treating electron spectral diffusion phenomenologically; (iv) it allows
calculations for systems of many electrons over long time periods.

Numerical calculations of correlation functions and nuclear spin relaxation times

Simulations of electron spin dynamics were performed with Np = 30, Zs,= 10 ns, and N =
2 x 10° (i.e.,, 2.0 ms simulation time for each configuration). The value of wgy/27 in Eq.
(6) was set to 52 MHz. To match the experiments, DOTOPA concentrations were 5 mM, 10
mM, and 15 mM, corresponding to cubic simulation volumes with sides of 21.5 nm, 17.0
nm, and 14.9 nm. Temperatures were 30 K, 10 K, and 4.4 K, where electron spin
polarizations at thermal equilibrium in a 9.39 T field are (n- — n)/(n- +n,) =0.21, 0.56,
and 0.89, respectively. For each condition, simulations with 300 different configurations
were performed. Correlation functions were then calculated according to Eq. (8).

Fig. 7a shows examples of instantaneous configurations from one simulation at 30 K with 15
mM DOTOPA. Under these conditions, most electron spins participate in flip-flop
transitions during the simulation. The time dependences of all spin states are shown in Fig.
7b, which is a “spin state trajectory map” that uses a red/blue color code to track states of
each spin. In Fig. 7c, the corresponding map from one simulation at 4.4 K illustrates the
pronounced effect of temperature. At 4.4 K, most electron do not participate in any flip-flop
transitions within the 2 ms simulation period.

Hyperfine field fluctuations at the origin are plotted in Figs. 8a and 8b, for the same
simulations that are depicted in Figs. 7b and 7c. Autocorrelation functions at 30 K and 4.4
K, each calculated from 300 independent simulations with 15 mM DOTOPA, are shown in
Figs. 8c and 8d. Autocorrelation functions for all conditions of temperature and DOTOPA
concentration are shown in Fig. S11 of Supporting Information. As shown in these figures,
the autocorrelation functions can be fit adequately with bi-exponential functions of the form
7) = haexp(-t /t) + fopexp(—z /=) * crand g(z) = Goa XP(~7/ 742 * Jopexp(—z /
Tgp) + CgUp to 7~ 500 ps. At larger values of z, the autocorrelation functions become
clearly non-exponential and non-monotonic due to insufficient averaging. Larger values of ¢
correspond to larger values of 7in Eq. (8), which involve averaging of fewer time points.

Best-fit parameters from bi-exponential fits to the calculated autocorrelation functions are
listed in Table 1. Using these parameters, values of 7, gand 7y, can be calculated from
Egs. (3) and (4). The results are given in Table 2. The calculated relaxation times reproduce
two important trends in the experimental measurements, namely the reduction in relaxation
times with increasing DOTOPA concentration and with increasing temperature. The
calculated dependences on DOTOPA concentration are roughly 50% stronger than the
experimentally determined dependences in Figs. 3 and 4. The calculated dependences on
temperature are much stronger than the experimentally determined dependences. However,
calculations and experiments both indicate that the temperature dependences become large

J Phys Chem B. Author manuscript; available in PMC 2019 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen and Tycko Page 14

only below 10 K. Calculated 73, values show a stronger dependence on /2 than the
experimental values. These discrepancies are discussed below.

Discussion

Our main conclusion from the experiments presented above is that 1H NMR relaxation times
that are important in low-temperature, DNP-enhanced MRI experiments, especially 75, g
and 7»pg;, become significantly longer at temperatures below 10 K, thereby reducing their
negative impact on MRI sensitivity and MRI resolution. With a phase-encoding period of

T, 6= 700 ps®2, the 1.0 ms value of 75, s observed at 4.4 K with 10 mM DOTOPA implies a
reduction in MRI signals by a factor of exp(-z; 5/72; g) = 0.50. For a given total image
acquisition time and a given signal-to-noise requirement, this translates into an increase in
the minimum voxel volume by a factor of 2.00, or a decrease in image resolution by a factor
of 2.001/3 = 1.26. The reduction in 755 (relative to a Dy3*—doped sample) by a factor of
10 implies a reduction in MRI signal-to-noise by a factor of 10%/2 = 3.16, which translates
into a decrease in resolution by an additional factor of 3.16%/3 = 1.47. Assuming signal
enhancement factor of 500 at 4.4 K (with DNP) relative to our earlier MRI experiments at 28
K (without DNP) and a DNP build-up time of 7ppp= 18 s (Fig. 2b), to be compared with
714 = 0.4 s in the earlier experiments,32 the net change in image resolution becomes a factor
of 1.26 x 1.47 x (18/0.4)1/6 x 5001/3 = 0.44. It is therefore reasonable to expect an
improvement in MRI resolution by a factor of two or more. Additional optimization of the
DNP dopant, the microwave irradiation conditions, the RF circuitry in the MRI cryostat, and
the spectrometer’s receiver section may lead to further improvements in resolution.

In experiments described above, magnetic field gradient coils for MRI, described in previous
publications,32:36 were removed to reduce the thermal load on the cold finger of our cryostat.
To make MRI experiments feasible below 10 K, it will be necessary to reduce heat
conduction through the wires that carry current pulses to the gradient coils. Modifications of
our apparatus for this purpose are currently in progress.

Our simulations of electron spin dynamics lead to temperature-dependent and concentration-
dependent 71, and 7, values that reproduce the experimental trends. However, relaxation
times from these simulations do not agree quantitatively with experimental measurements.

In particular, calculated 73, values at 30 K are shorter than experimental values and exhibit a
stronger dependence on wy/2 . These discrepancies indicate that the bi-exponential
autocorrelation functions for hyperfine field fluctuations estimated from our simulations
(Table 1) are not sufficiently accurate. Using Egs. (3) and (4), it can be shown that bi-
exponential autocorrelation functions are in principle sufficient to account for the
experimental data. For example, if g, /7,,* = 0.160G%, 7ga= 0.1 1S, g, /7;,> = 0.0441 G, and
Tgp = 160 ps, one obtains 7,6 =0.59 ms and 73, =42 ms, 69 ms, and 84 ms at a/27 = 20
kHz, 40 kHz, and 100 kHz, respectively. These relaxation times are in good agreement with
experimental results for the 10 mM DOTOPA sample at 30 K. Thus, it seems that the actual
hyperfine field fluctuations have a smaller value for z,, (the fast correlation time) and a
smaller value for gy, (the slow correlation amplitude), compared with results from our
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simulations. Further work will be required to identify the source of these differences
between experimental observations and numerical simulations.

The simulations also predict larger increases in nuclear spin relaxation times at low
temperatures than we observe experimentally. This difference suggests that hyperfine field
fluctuations at low temperatures, where electron spins are highly polarized, are larger in real
samples than they are in our simulations. Again, the source of this difference may be
identified in further work.

Autocorrelation function parameters in Table 1 indicate that the temperature dependences of
1H NMR relaxation times in our experiments on DOTOPA-doped samples are primarily due
to reductions in the amplitudes of local magnetic field fluctuations as electron spins become
more strongly polarized below 10 K. Effects of electron polarization on NMR relaxation in
solids have been discussed more generally by Abragam and Goldman?8, although not
specifically for 7, gand Ty,

In addition to the 1H MRI experiments that are under development in our laboratory,
fluctuating hyperfine fields from DNP dopants affect other types of low-temperature NMR
experiments. An earlier study by Potapov er a/® examined effects on 13C 7, relaxation in
static samples at 8 K and 16 K. Strong dependences on dopant concentration and on gz, in
Carr-Purcell echo train measurements were reported. For DOTOPA concentrations of 6.6—
13.3 mM, the experimental data could be fit with a model in which individual electrons
undergo spin-flip transitions on the 100-300 ps time scale. Unlike the simulations described
above, the electron spin flip rates were not calculated from theoretical expressions such as
Eq. (6), but instead were treated as an arbitrary fitting parameter. Since experiments were not
performed below 8 K, a significant temperature dependence was not observed by Potapov et
al. Based on the IH NMR measurements described above, one would 13C 75 values to
increase significantly below 8 K.

As shown in Figs. 3 and paramagnetic relaxation effects in Dy3*—doped and DOTOPA-
doped samples have qualitatively different dependences on temperature. In our Dy3*—doped
sample, 72,6, T2ps., and Ty, values decrease with decreasing temperature from 30 K to 3.3
K. In our DOTOPA-doped samples, these values increase with decreasing temperature. We
attribute these differences in nuclear spin relaxation to differences in the dominant sources
of local magnetic field fluctuations from the paramagnetic dopants. Field fluctuations in the
Dy3*—doped sample are primarily due to electron spin-lattice relaxation processes that are
relatively fast. In particular, the temperature dependence of 774 in a Dy3*—doped glycerol/
water solution at 9.39 T shows a minimum at approximately 40 K,32 indicating that 77, ~
0.4 ns at 40 K. Thus, at 40 K, the correlation time for local magnetic field fluctuations is
short, producing long 72,6, T2psz, and Ty, values. As the temperature decreases, 71
becomes longer, producing progressively longer correlation times and consequently shorter
T216 T2pse, and Ty, values (7.e., more efficient transverse nuclear spin relaxation and
rotating frame relaxation). In contrast, electron spin-lattice relaxation is relatively slow in
DOTOPA-doped samples. As discussed above, data in Fig. 6 indicate 7;,> 10 ms below 30
K. Local magnetic field fluctuations are then due to electron spin flip-flop transitions, driven
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by electron-electron couplings. The amplitude of these fluctuations decreases with
decreasing temperature, resulting in progressively longer 73,6, T2ps., and T, values.

Short 7 and Ty, values due to fluctuating hyperfine fields from DNP dopants can also limit
the effectiveness of various solid state NMR techniques that are used with magic-angle
spinning (MAS) in structural studies of biopolymers, including °N-13C and 13C-13C dipolar
recoupling techniques for measuring structurally significant internuclear distances and
various techniques for polarization transfers in multidimensional spectroscopy. The severity
of these effects may depend on the external magnetic field strength, the MAS frequency, and
the nature of the sample50-51, as well as dopant concentration and other factors. Results
presented above suggest that 7, and 77, can be lengthened by performing MAS DNP
experiments at lower temperatures, especially if practical MAS NMR probes that operate
below 10 K could be developed.52-55

Conclusion

We have shown experimentally that 1TH NMR relaxation times that are important for DNP-
enhanced low-temperature MRI experiments, especially 7,; gand 7,ps;, increase at
temperatures below 10 K in frozen solutions that contain nitroxide-based dopants. This
result implies that NMR signal enhancements from DNP will not be entirely cancelled by
signal losses from NMR relaxation processes, encouraging us to pursue low-temperature
DNP as a route to micron-scale MRI. We have also developed a computational model that
permits simulations of local magnetic field fluctuations from electron spin flip-flop
transitions in many-spin systems. Simulations show that the longer NMR relaxation times at
temperatures below 10 K are attributable to reductions in the amplitude of field fluctuations
due to high levels of electron spin polarization, which suppress flip-flop transitions.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Pulse sequences for measurements of nuclear spin relaxation times. (a) Complete pulse

sequence for measurements of 75, s, the 1H NMR dephasing time under Lee-Goldburg
irradiation. (b,c,d) Pulse sequence elements for measurements of the 1H 71, Hahn spin echo
75, and Carr-Purcell 75, respectively. These elements substitute for block B in panel a.
Definitions of symbols and additional details are given in the main text.
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Figure 2:
(2) H NMR spectra of frozen glycerol/water solution with 10 mM DOTOPA at 30 K and

3.3 K. (b) Build-up curves for H NMR signal intensities with and without microwave
irradiation (blue circles and red squares, respectively) at 4.4 K. Signals without microwave
irradiation are scaled up by a factor of 93 relative to signals with microwave irradiation.
Fitting the “microwaves on” data with a single-exponential function (blue curve) yields a
DNP build-up time of 18.4 + 0.2 s.
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Figure 3:
Experimentally determined temperature dependences of 75, s (a) and T,ps; (b) for samples

containing 5 mM Dy3* (black circles), 5 mM DOTOPA (red triangles), 10 mM DOTOPA
(green squares), and 15 mM DOTOPA (blue pentagons). Values of 7,; gand 7,p5; were
obtained from H NMR signal decay curves in Figs. S3 and S4. Lines are guides to the eye.
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Figure 4:
Experimentally determined values of 73, at 30 K (red pentagons), 10 K (orange squares),

4.4 K (green triangles), and 3.3 K (blue circles) for RF spin-locking field amplitudes wn 2
in the 10-100 kHz range. Data are shown for samples containing 5 mM Dy3* (a), 5 mM
DOTOPA (b), 10 mM DOTOPA (c), and 15 mM DOTOPA (d). Values of 73, were obtained
from 'H NMR signal decay curves in Fig. S5-S7. Lines are guides to the eye.

J Phys Chem B. Author manuscript; available in PMC 2019 April 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen and Tycko

—

— MW on 30 K7
--- MW off

0.8} 10K

(b)
3 4

. T g (ms) T g (ms)
wn
S 2 _Mwon30K| 8 10K{ 10}
g | --- MW off
8
T 1 51
=4
> d)
- (
= ol . , ] ol . n 1 ol z =)
Z 0 s0 100 150 O 50 100 150 O 50 100 150
I PSL time (ms) PSL time (ms) PSL time (ms)

2 — MWon 30K| 1 10K{ 20 44K

=== MW off
1
(9) (h) ' (i)
0 0 0
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
Ts (S) Tsy (8) Tse (S)

Figure 5:
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Experimental *H NMR signal decay curves for measurements of 75, g (a-c), Tps; (d-f),
and 7y, (g-i) at temperatures of 30 K (a,d,g), 10 K (b,e,h), and 4.4 K (c.f,i). The sample
contained 10 mM DOTOPA. Data were acquired both with (red solid lines) and without

(blue dashed lines) microwave irradiation.
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(a) Dependence of the experimentally determined 75, s value on the delay & after switching
microwaves off (see Fig. 1a) for measurements at 4.4 K (green triangles), 10 K (orange
squares), and 30 K (red pentagons). The sample contained 10 mM DOTOPA. Color-coded
dashed lines are fits with the functional form 75, g = 7, — Tpexp(=6/ &), which yield & =
84+18msat4.4K, & =75%15msat 10 K, and & =8 £ 10 ms at 30 K. (b,c,d) Examples
of IH NMR signal decay curves used to determine 75, ; values at 30 K, 10 K, and 4.4 K,
respectively. Experimental curves (thick red, green, and thin blue lines) are shown for the
indicated values of 5 Fits to green lines are shown as black dots.
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Figure 7:

(a) Instantaneous electron spin configurations from numerical simulations of electron spin
dynamics in a system of 30 DOTOPA molecules in a cube with 15 mM DOTOPA
concentration. The simulation temperature is 30 K. A 9.39 T magnetic field is applied along
Z. Configurations are shown at the indicated simulation times. Electron spins in the |+) and |
—) states are indicated by red and blue dots, respectively. The yellow disk indicates the
position of a single central 1H nucleus, where the total magnetic field from electron spin
magnetic moments is evaluated in these simulations. (b,c) Plots of spin states as a function
of time for simulations at 30 K and 4.4 K, respectively. Each horizontal line shows the spin
state of one electron, using the same color code as in panels a.
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Figure 8:
(a,b) Time dependences of the magnetic field at the origin (/.e., the position of a IH nucleus)

from simulations at 30 K and 4.4 K shown in Figs. 7b and 7c, respectively. Red and blue
lines are field components before and after subtraction of the average values of the field
components. (c,d) Autocorrelation functions

Bxy(t)B xy(t + 1) = %[Bx(t)B L+ 1)+ By(t)By(t + 7)] (left) and B (DB(t + 7) at 30 Kand 4.4 K,

respectively (red lines). Autocorrelation functions are calculated from simulated time-
dependent field components as in panels a and b, after subtracting the average values of the
field components. Autocorrelation functions are then averaged over 300 independent
simulations at each temperature and DOTOPA concentration. Thick cyan lines are bi-
exponential fits to the averaged autocorrelation functions. Dashed lines are the two decaying
exponential terms.
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Table 1:
Best-fit Parameters from Bi-exponential Fits to Autocorrelation Functions.
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Autocorrelation functions for fluctuating hyperfine fields were calculated from simulations of electron spin
dynamics at the indicated temperatures and DOTOPA concentrations. Autocorrelation functions and fits are

plotted in Fig. S11 of Supporting Information.

DOTOPA (mM) | Temp (K) fl; (Gz) Tia (US) fig (GZ) o (US) | ¢ gi(; (GZ) Tga (HS) gil; (GZ) T (MS) | Cg
"H TH "H "H
30 0.063 8.357 0.139 122.26 | -0.014 | 0.108 8.318 0.286 187.14 -0.049
5 10 0.061 18.181 | 0.124 157.42 | -0.017 | 0.158 32.016 0.151 443.46 -0.059
4.4 0.014 25.798 | 0.043 269.73 | -0.011 | 0.015 18.091 0.065 262.02 -0.016
30 0.275 18.597 | 0.342 157.14 | -0.048 | 0.388 28.765 0.358 241.00 -0.083
10 10 0.225 23.123 | 0.156 17753 | -0.029 | 0.343 27.541 0.196 201.98 -0.041
4.4 0.084 62.732 | 0.032 681.49 | -0.02 0.088 42.296 0.031 317.31 -0.012
30 0.597 15573 | 0.329 160.27 | -0.058 | 0.709 14.621 0.457 170.05 -0.082
15 10 0.429 16.292 | 0.214 182.55 | -0.042 | 0.571 12.256 0.366 159.11 -0.058
4.4 0.129 22.314 | 0.057 290.07 | -0.018 | 0.186 21.935 0.072 370.87 -0.029
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Table 2:
Calculated 1H NMR Relaxation Times.

Values of 71,and 7, were calculated from simulations of electron spin dynamics at the indicated

temperatures and DOTOPA concentrations, using Egs. (3) and (4) and the best-fit parameters listed in Table 1.
For comparison, experimentally-determined values of 73, and 7, are given in parentheses.

DOTOPA (mM) | T (K) Tip (79 Tag (Ms)
@/2r=20kHz | @/2r=40kHz | @/2r=80kHz

30 2.7 (120) 7.3(230) 26 (260) 0.08 (0.9)

5 10 4.4 (180) 17 (260) 67 (270) 0.06 (0.9)
44 23 (270) 84 (350) 330 (310) 0.31 (1.6)

30 1.6 (45) 6.0 (63) 24 (88) 0.04 (0.6)

10 10 1.8 (61) 6.7 (90) 26 (120) 0.09 (0.6)
4.4 10 (110) 41 (130) 160 (130) 0.24 (1.0)

30 0.58 (15) 1.8 (39) 7.0 (55) 0.05 (0.45)

15 10 0.63 (31) 2.0 (48) 7.4 (63) 0.06 (0.48)
44 2.9 (56) 11 (60) 41 (64) 0.14 (0.86)

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

J Phys Chem B. Author manuscript; available in PMC 2019 April 16.



	Abstract
	Graphical Abstract
	Introduction
	Experimental Methods
	NMR equipment
	Pulse sequences for relaxation measurements
	Microwave equipment
	Data processing and error analysis
	Samples

	Experimental Results
	1H NMR spectra and DNP enhancement
	1H T2LG under Lee-Goldburg decoupling
	1H T2PSL under pulsed spin locking
	1H T1ρ under CW spin locking
	1H T2 in Hahn and Carr-Purcell spin echoes
	Effects of microwave irradiation on 1H nuclear spin relaxation times

	Computational Model
	Expressions for nuclear spin relaxation times
	Expression for electron spin flip-flop rate
	Kinetic model for flip-flop transitions in a many-electron system
	Numerical calculations of correlation functions and nuclear spin relaxation times

	Discussion
	Conclusion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Figure 8:
	Table 1:
	Table 2:

