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Abstract

A computational analysis of the Overhauser effect is reported for the proton, methyl carbon, and
carbonyl carbon nuclei of liquid acetone doped with the nitroxide radical TEMPOL. A practical
methodology for calculating the dynamic nuclear polarization (DNP) coupling factors by accounting
for both dipole-dipole and Fermi-contact interactions is presented. The contribution to the dipolar
spectral density function of nuclear spins that are not too far from TEMPOL is computed through
classical molecular dynamics (MD) simulations, whereas the contribution of distant spins is included
analytically. Fermi contacts are obtained by subjecting a few molecules from every MD snapshot
to ab initio, quantum mechanical calculations. Scalar interaction is found to be an essential part
of the 3C Overhauser DNP. While mostly detrimental for the carbonyl carbon of acetone it is
predicted to result in large enhancements of the methyl carbon signal at magnetic fields of 9 T
and beyond. In contrast, scalar coupling is shown to be negligible for the protons of acetone.
The additional influence of the proton polarization on the carbon DNP (three-spin effect) is also
analyzed computationally. Its effect, however, is concluded to be practically insignificant for liquid

acetone.
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I. INTRODUCTION

Overhauser dynamic nuclear polarization (ODNP) can substantially increase the signal
intensity of nuclear magnetic resonance (NMR) measurements in liquids.! The effect relies
on polarizing the electron spins of dissolved free radicals with the use of microwaves and
transferring the large electron polarization to the nuclear spins of the solvent.?? The mag-
nitude of the effect is directly proportional to the gyromagnetic ratio of the electron spin,
vs, and inversely proportional to the gyromagnetic ratio of the nuclear spin of interest, ;.
Thus, the smaller v; the larger the relative increase of the NMR signal. In the case of the
'H and '3C nuclear spins examined here, larger ODNP enhancements are expected for the
latter because ¢ is four times smaller than ~y.

Instrumental developments that made possible the use of ODNP in continuous-flow NMR
and medical MRI,* % as well as novel applications to biomolecular NMR"? have spurred a
revived interest in quantifying the mechanisms responsible for the effect. Recent high-field
ODNP experiments, reporting considerable enhancements, were performed for solvents con-
taining 'H,1015 13C 1016718 and 19F 19.20 These studies demonstrated that while for *H nuclei
the scalar interaction with the electron spin is negligible compared to the dipolar interac-
tion, for the other nuclei both interactions may be of comparable magnitude—a complication
known from previous work.? Since in the ODNP effect the scalar and dipolar interactions
enhance the NMR signal in opposite directions, their simultaneous presence is detrimental
for the overall enhancement. Computational approaches capable of quantifying the contri-
butions of these two interaction types and thus predicting the magnitude of the expected
enhancement are, therefore, highly desirable.

Previously, we have employed atomistic molecular dynamics (MD) simulations to cal-
culate 'H ODNP coupling factors.?'2* Being classical in nature, the MD simulations only
provide information about the positions of the atomic centers in the simulated liquid solu-
tion. Invoking the point-dipole approximation, the atomic positions are used to calculate
the dipole-dipole interaction between the electron and nuclear spins and to follow this in-
teraction in time. Because no effort was made to take into account the scalar interaction
between the two types of spins, this approach was limited to proton DNP.

Here, the computational methodology for quantifying the contribution of the dipolar

interaction to the ODNP effect is further developed to take into account the scalar interaction
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between the electron and nuclear spins. This is achieved by performing quantum mechanical
(ab initio) calculations on the snapshots generated during the MD simulation. Unlike the
dipolar interaction, which is long-ranged, the scalar interaction is influenced only by the
molecular and liquid structure in the immediate neighborhood of the unpaired electron.
Therefore, each ab initio calculation at a given time point only needs to contain a few
molecules from the MD snapshot. In essence, we follow the dynamics of thousands of
molecules in the liquid with classical MD simulations, and calculate the electron spin density
at the nuclei of interest by performing ab initio calculations on a few molecules. This division
of labor makes the approach efficient and realistically applicable to simple liquids.

In this paper, the proposed computational methodology is illustrated in the context of
TEMPOL in pure acetone, for which we recently performed 'H DNP analysis based on
MD simulations.?® In addition to protons, acetone offers two types of carbon nuclei: methyl
carbon and carbonyl carbon (Fig. 1, left). We find differences in the contributions of scalar
and dipolar interactions to the ODNP of these two types of 13C nuclei. Furthermore, the
protons of acetone allow us to examine the influence of the proton polarization on the
polarization of the carbon nuclear spins and, thus, quantify the magnitude of the three-spin
effect.? For TEMPOL in pure acetone the effect of the proton spin on the ¥C polarization
is found to be negligibly small for most practical purposes.

The paper is organized as follows. In the next section we give general information about
ODNP and the three-spin effect, and describe our methods. The dipolar contribution to
ODNP is calculated in Sec. IIT A. The calculation of the scalar interaction is presented in
Sec. III B. Combining these two contributions, we calculate DNP coupling factors in Sec.
IIT C and evaluate to what extend these would be modified by three-spin effects in Sec. 11T D.
The implications of the results are discussed in Sec. IV, while Sec. V contains our conclusion
and outlook. Fitting parameters and other technical details are given in the Supporting

Information (SI).



Physical Chemistry Chemical Physics

II. BACKGROUND AND METHODS
A. Dipolar and scalar interactions

The Overhauser effect relies on the presence of hyperfine interaction between nuclear (I)
and electron (S) spins. This interaction is described by the spin Hamiltonian?® H =T1-A-S,
where I and S are the respective spin operators and A is the hyperfine coupling tensor. The
latter is composed of an isotropic (scalar) part Aj, and an anisotropic (dipolar) part Ag;p.
The anisotropic term, which is due to the dipolar interaction of the two spins, is a traceless
tensor.?® The isotropic term is known as Fermi contact or hyperfine coupling constant.??7 It
is proportional to the electron spin density (i.e., the difference of up-spin density and down-
28

spin density) at the nucleus of interest and its value can be either negative or positive.

In the presence of hyperfine coupling between I and S the relaxation of the longitudinal

component of the nuclear spin magnetization is described by?26
dr 0 0
(=17 = (5 - 5. )

Here, overloading the notation, I and S denote the longitudinal components of the nuclear
and electronic spin magnetizations. Their values at thermal equilibrium are indicated with
a superscript zero. The self- and cross-relaxation rates, p7 and o7, are due to the hyperfine
interaction between the spins, while w; is the nuclear T} rate in the absence of the electronic
spin. At steady state the enhancement of the NMR signal, e; = (I — I°)/1°, is directly

proportional to the saturation of the electronic spin, s = (S — S)/S° From (1) one finds

that
S S
efzg—gsp—lsvs c; fs%. (2)
pr P twr 1 V1
The second equality in (2) defines the coupling factor
i =07 /n; (3)
and the leakage factor
S
P
fi=—"—. (4)

pi +w
The relaxation rates o7 and p7 in (3) can be calculated from the spectral density functions

(SDFs) of the dipolar and scalar interactions between the spins:?2!:26

0'}9 = NS[5J15(MS) — 6K15(w5)]/12, (5)

4
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pf = NS[3J[S(CL)]) + 7J15(w3) + 6K15(w5)]/12. (6)

Here, J(w) and K (w) denote the dipolar and scalar SDF's, respectively, wg and w; are the
Larmor frequencies of the spins, and Ng is the number density of S. Note that in (5) and
(6) we have acknowledged that J(—w) = J(w), K(—w) = K(w) and wg > wy.

Our computational strategy consists of following the molecular motions in time with
MD simulations. The MD trajectories provide the positions of the spin-bearing atoms.
Treating the spins as point dipoles, the atomic positions are used to calculate the dipolar

time correlation function (TCF)
Caip(t) = (K" (1) " (T + 1)), (7)

where Fi* = Y;"(6, ¢)/r? is the rank-2 solid harmonic, and r = (r, 0, ¢) is the vector from
the electron to the nuclear spin in spherical coordinates. The brackets (-), denote average
over all starting times 7 and over all nuclear spins in the simulation box. The dimension of
the product of two solid harmonics is inverse volume squared (1/nm®). However, the average
in (7) involves integration over volume, thus the dimension of the resultant Cg;, is inverse

volume (1/nm?). From the TCF we calculate the dipolar SDF as

st<w) = 2%((5[5)2 /OOO Cdip<t)eiiwfdt, (8)

where 675 = (o/4m)hy1vs has a dimension of volume over time (nm?3/ns). Thus, the di-
mension of Jjg is volume over time (nm?/ns), as it should be since it gives a relaxation
rate (1/ns) when multiplied by the number density Ng (1/nm?). For further details and
applications of our computational approach the reader is referred to refs. 23-25.

Unlike the dipolar interaction, which could be treated in the point-dipole approximation,
the calculation of the scalar interaction Aj, requires knowledge of the spin density of the
unpaired electron of TEMPOL. Such information is not available in the classical MD simu-
lations but necessitates quantum mechanical calculations. To this end, we used the atomic
coordinates from the MD snapshots as an input to the package Gaussian® and calculated
the Fermi contacts between the desired nuclei and the electron spin, A, (in MHz). These

were used to obtain the scalar TCF
(27)?
Cr

where the prefactor is necessary to switch to units of angular frequency. Accumulated

CYiso (t) = <Aiso (T)Aiso (7- + t>>‘r; (9)

calculations are first time averaged and then divided by the number density of the spin [
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(Table I). Since Ajs, from the quantum mechanical package already includes the contribution

of the gyromagnetic ratios, the scalar SDF is simply
K(w) = / Ciso(t)e ™ dt. (10)
0

Its dimension is volume over time (nm?/ns). Additional information is available in ST Sec.

IB.

B. Three-spin effect

The formalism summarized above applies to both 'H and '3C nuclei. However, when
quantifying the ODNP enhancement of 3C it may be necessary to take into consideration
the additional interaction between carbon and proton nuclear spins. Thus, we allow for the
polarization of the '3C (third) spin to be influenced by the polarizations of the electron (first)
and proton (second) spins, with the understanding that the polarization of the second spin
is due to the first spin only. In this case, the relaxation of the longitudinal spin polarization
of 13C can be expressed as:?

dle _

- _ S H T, —IO
1 (P& + pc +we)(Ic — Ig) (1)

—0a(S = 8% —o¢(In — I),
where the additional cross- and self-relaxation rates, & and pg, are due to the carbon-proton
coupling.
At steady state, and assuming that the carbon polarization does not affect the proton

polarization,? the enhancement of the 3C signal, ec = (Ic — IQ)/I2, can be written as
_ og — ol fi s

CC= g, 5 (12)

P+ pc +we Yo

where ¢ is the proton coupling factor as defined in (3) and f3 is the proton leakage factor

as defined in (4). In terms of the carbon coupling factor, c2 = og/p2, and the leakage factor,

18 = p2/(pe + p& + wc), the expression in (12) becomes

ec = (mcd) s>, (13)
“Yc
where
08 S ¢S
m=1-— _S(CHfH) (14)
o¢
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is a multiplicative correction to the carbon coupling factor that accounts for the additional
interaction of *C with the proton spins of the solvent.

An obvious prerequisite for having m significantly different from 1 is substantial en-
hancement of the proton signal, reflected by (¢ f3) in (14). Because the dipolar interaction
typically dominates in proton DNP,*? this product is expected to be positive. The second,
more demanding requirement for appreciable three-spin effect is that the cross-relaxation
rates og and of are comparable in magnitude, so that of/o3 ~ 1. The challenge lies in
the fact that, from (5) and (8), o7 is proportional to (y;vs)? Thus, considering the gyro-
magnetic ratios only, o0& /o2 ~ (1/658)%, which is five orders of magnitude smaller than 1.
However, from (5), o5 is also proportional to the spin density Ng. Therefore, the second
condition could be fulfilled if Ny is about five orders of magnitude larger than Ng. The
proton density of pure acetone is [H] = 80 M (Table I). Considering only the gyromagnetic
ratios and the spin concentrations, for [S] = 1 mM we get of /oé, ~ 0.2.

In principle, the interaction between the ¥C and 'H nuclear spins can have both dipolar
and scalar (J-coupling) contributions. However, because the latter is limited to proton
nuclei on the same molecule as the carbon nucleus of interest, it will not benefit from the
concentration advantage ([H|] > [S]) that is necessary for appreciable three-spin effect.
Therefore, when calculating off we considered only the dipolar coupling of *C to proton

nuclei. Denoting the SDF of this dipolar interaction by Jcp, the cross-relaxation rate is?26

O'g = CH[GJCH(MC + wH) — JCH(WC — WH)]/12. (15)

Here we have both wy and w¢ because the Larmor frequencies of the two nuclei are not very
different [cf. (5)].

One last factor that may contribute to larger three-spin effect is the frequency dependence
of the cross-relaxation rates. In the ratio ofl/og the numerator relies on the SDF Joy
evaluated around the proton Larmor frequency (wy £ wc), while the denominator relies on
the SDF Jog evaluated at the electron Larmor frequency (wg). The SDF at the higher

frequency is expected to be much smaller in magnitude.
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C. MD simulations and ab initio calculations

The MD simulations of 1 TEMPOL molecule in a cubic box containing 2740 acetone
molecules were reported previously.?” The simulation parameters of acetone were from ref.
31, of TEMPOL from ref. 32. Constant-volume simulations were performed with NAMD33
at 35°C under periodic boundary conditions for a total duration of 10 ns. The integration
time step was 2 fs and the coordinates were recorded every 0.2 ps.

Ab initio calculations were carried out on the molecular geometries from the MD snap-
shots. The packages Gaussian 09%° and ORCA3* were used at the B3LYP level of theory
with the EPR-II basis set, which is known to produce reasonably good hyperfine coupling
values.>® Two separate fragments of the MD trajectory (located at the second and fifth
nanosecond) were subjected to the analysis. Each fragment contained 1 ns of dynamics
comprising 5000 successive snapshots. Thus, in total, 10000 ab initio calculations were
performed.

The spatial distribution of the spin density due to the unpaired electron of TEMPOL is
expected to be sensitive to the immediate surroundings of the free radical. For a realistic
representation of the environment, the ab initio calculations should include as many ace-
tone molecules near TEMPOL as possible. However, considering the steep increase of the
computational cost in ab initio calculations with the number of atoms, a reasonable number
of solvent molecules had to be chosen. To this end, for one MD snapshot, the coordinates
of the TEMPOL molecule and an increasing number of acetone molecules were provided as
input to the ab initio calculation. The Fermi contact of the methyl carbon closest to the
TEMPOL oxygen is shown in Fig. 2 for different numbers of acetone molecules (from 1 to
7) present in the calculations (red squares). The value of Ay, is seen to increase monoton-
ically. The increase appears to slow down once six acetone molecules closest to TEMPOL
are explicitly included in the ab initio calculation.

We further examined whether the dielectric properties of the acetone solution influence
the calculated value of Aj,,. The same molecular geometries were analyzed using the po-
larization continuum model (PCM)3¢ implemented in Gaussian®" (Fig. 2, black squares).
Systematically higher Fermi contact values were obtained in the calculations with PCM.
More importantly, with PCM the A;,, values calculated with three and more explicit ace-

tone molecules were practically identical, showing convergence of the Fermi contact with
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number of molecules in the ab initio calculation. In the light of these observations, TEM-
POL and the six acetone molecules closest to its oxygen atom were retained in all the other
MD snapshots and subjected to an ab initio calculation with PCM using the dielectric
constant of acetone (e = 20.5).

For the geometries that yielded the largest A;y, values among the 10000 calculations, we
further evaluated the effect of the basis set on the calculated Fermi contacts. The numerical
values produced using the packages Gaussian and ORCA with the basis sets EPR-II, EPR-
ITT and TZVP are compared in Fig. 3. There, the colored symbols correspond to nuclei on
the acetone molecule closest to TEMPOL (shown in the inset). The grey symbols represent
the same kind of nuclei on the remaining five acetone molecules present simultaneously in
the same ab initio calculation. Different basis sets are observed to yield identical numerical
values for carbons. In the case of *H, the Fermi contact calculated with TZVP is slightly
smaller than EPR-II for the maximum point but is identical for all the others. The insets

in Fig. 3 show the positive part of the electron spin densities for these snapshots (generated

with UCSF Chimera®®).

III. RESULTS
A. Dipolar interaction

Assuming that the DNP effect is entirely due to the dipolar coupling between the electron
and nuclear spins, we recently reported ODNP coupling factors between the protons of
acetone and TEMPOL that were calculated from atomistic MD simulations.?® Using the
snapshots from these MD simulations, we conducted the same analysis—treating only the
effect of dipolar coupling—for the carbon nuclear spins of the acetone solvent molecules.
(See SI Sec. TA for the multiscale calculation of the dipolar SDFs and SI Sec. ITA 1 for the
values of the various parameters involved in the computational procedure.) The resulting
DNP coupling factors for the methyl carbon (Cp,) and carbonyl carbon (Cp) of acetone

1,39 which also contains the previously reported proton (H) coupling

are presented in Table I
factors® for the purposes of comparison.
The dipolar coupling factor is known to be influenced by the translational diffusion of

the spins and their distance of closest approach, as made clear by the analytically-tractable
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model of hard spherical molecules with centered spins.*®*! Being on the same molecule, we
expect the translational diffusion of the acetone carbons to be the same as that for the
acetone protons. However, because both the methyl and carbonyl carbons are closer to the
center of the acetone molecule than the protons (Fig. 1, left), the coupling factors of the
former are expected to be somewhat smaller. This trend is confirmed by the calculated

values in Table II.

B. Scalar interaction

The values of the Fermi contacts from the ab initio calculations are shown in Fig. 4,
where they are plotted against the distance between the TEMPOL oxygen and the respective
acetone atom. Both positive and negative values occur for the three types of nuclei. While
the largest positive values are larger in magnitude than the smallest negative values for the
carbons, positive and negative Fermi contacts of similar absolute value are observed for the
protons. Notably, the Fermi contacts do not change monotonically with the distance of the
nucleus from the position of the oxygen atom of TEMPOL.

For the geometries leading to largest positive Fermi contacts (indicated with asterisk in
Fig. 4) the positive part of the spin density is shown in the insets of Fig. 3. Methyl and
carbonyl carbons attain their maximum (positive) Fermi contacts in the same MD snapshot,
as seen in Figs. 3a and 3b, whereas the maximum for protons is reached in a different MD
snapshot (Fig. 3c). The molecular geometries and spin densities demonstrate how, for the
acetone molecule closest to the unpaired electron of TEMPOL, the value of the spin density
at the atomic nucleus does not scale with its distance from the TEMPOL oxygen. In Fig.
3c, for example, all the three protons of the methyl group closer to TEMPOL have positive
Fermi contacts. However, the spin density at the proton farther from the TEMPOL oxygen
is larger than the spin density at the closer proton, which is reflected on the magnitude of
their Fermi contacts.

The scalar TCFs calculated from the Ay, values according to (9) are given in Fig. 5.
A comparison across the three atom types reveals that Cis, of Cp, (Fig. ba) is an order of
magnitude larger than Cq (Fig. 5b) and 'H (Fig. 5¢). The TCF of Cy, also exhibits a slow
decaying component of larger relative amplitude than the other two. In order to calculate

SDFs from the TCFs the latter were fit to a multiexponential decay (as described in SI Sec.

10
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IB). The best fits, shown with dashed lines in Fig. 5, are seen to be in very good agreement
with the raw data. (Fitting parameters are given in SI Table S5.)

Figure 6 shows the scalar SDFs calculated as the Fourier transform of the multiexponen-
tial fits to the TCFs. As anticipated, K(w) for Cy, is larger than that of the other two
nuclei. Because the SDF is affected by both the magnitude and the decay rate of the TCF,
the longer tail of the (i, of Cy, leads to a larger difference in the SDFs, especially at the

lower frequencies.

C. Coupling factors from scalar and dipolar interactions

The DNP coupling factor reflects the competition of the dipolar and scalar interactions
between the electron and nuclear spins. At high magnetic fields J(w;) > J(wg). If in
addition J(wy) > K(ws), the coupling factor becomes

S 5J13(UJS) — 6KIS(UJS)
I~ ) (16>
3J15(w1)

where the approximation follows from (3), (5) and (6). Note that while the scalar SDF

C

contributes only at the Larmor frequency of the electron, the dipolar SDF is probed at both
the electron and nuclear Larmor frequencies. However, being in the denominator of (16),
a larger J(wy) always decreases the magnitude of the coupling factor, independently of the
competition between J(wg) and K (wg) in the numerator.

The dipolar and scalar SDFs, J(w) and K(w), are compared in Fig. 7 for the three
atom types of interest. At the electronic Larmor frequencies (indicated with circles) the
different nuclei exemplify different possibilities. In the case of 'H (Fig. 7c), J(ws) completely
dominates K (wg) over the entire frequency range, thus the DNP coupling factor is expected
to be insensitive to the proton-electron Fermi contact. The situation is similar for 1*Cq (Fig.
7b), however, the difference between the dipolar and scalar SDFs is smaller. In contrast,
for ¥Cy, (Fig. 7Ta), K(wg) is almost equal to J(wg) at ~94 GHz and exceeds it at larger
frequencies. Because in (16) K(wg) is multiplied by 6 while J(wg) is multiplied by 5, we
expect the two to balance exactly, and thus lead to vanishing DNP coupling factor, at
frequencies of interest to medical MRI (50-70 GHz). At higher frequencies, as scalar SDF
goes over the dipolar SDF, the sign of the coupling factor is expected to be changed.

Quantitative calculation of the DNP coupling factors according to (3), (5) and (6) con-

11
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firms these expectations (Table III). Comparison with the purely dipolar coupling factors in
Table II makes clear that the scalar contribution to 'H ODNP is negligible over the entire
frequency range of experimental interest. In the case of *Cgq scalar coupling can be safely
ignored at the lower frequencies of interest, however, its effect starts being detrimental at the
higher frequencies in Table III. The opposite is true for *Cy,. Scalar coupling is detrimental
at the lower frequencies, entirely canceling the dipolar contribution at ~ 94 GHz. It becomes
sufficiently large to produce comparable (but opposite in sign) enhancement at 260 GHz. At
460 GHz the coupling factor in the presence of both scalar and dipolar interactions is two

times larger in magnitude than what would be possible with dipolar interaction only.

D. Three-spin effect

When both the *C and 'H nuclei experience ODNP, the polarization of the latter has
the potential to influence the polarization of the former. The extent to which the 3C
coupling coefficient will change due to this additional three-spin effect is determined by the
multiplicative correction factor m defined in (14).

Figure 8 shows the frequency dependence of the cross-relaxation rates off (black) and o)
(colored) calculated for, respectively, [H] = 80 M and [S] = 1 mM. At frequencies where
the dipolar and scalar SDFs (shown in Fig. 7) become comparable in magnitude, og is
vanishingly small. The values of og at 9.7 GHz, 94 GHz and 260 GHz are indicated with
circles in Fig. 8. This cross-relaxation rate decreases sharply when going from 9.7 GHz to
94 GHz for both Cy, (Fig. 8a) and Co (Fig. 8b). In the case of the former, o is negative
at 260 GHz. Thus, from (14), the correction factor m is expected to be larger than 1 at
260 GHz.

The carbon-proton dipolar SDF was calculated in exactly the same way as the carbon-
electron (and proton-electron?®) SDFs. (The calculated SDFs and various fitting parameters
are given in SI Sec. ITA 2.) The cross-relaxation rates o obtained by properly normalizing
the dipolar SDFs and multiplying by the proton density [H] = 80 M are shown in Fig. 8
with black lines. The magnitude of off is seen to be very similar for the magnetic fields of
0.34T 3.3T and 9.2 T (indicated with V in the figure).

The multiplicative three-spin correction factors at these three magnetic fields are plotted

in Fig. 9 for Cg, (left) and Co (right). When calculating the ratio of /o2 the proton

12
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concentration was kept at [H] = 80 M while the TEMPOL concentration was varied from
1mM to 20mM. In addition, we used the 'H coupling factor cf; from Table III. Thus, we
are in a position to calculate all factors in (14) except f5. In Fig. 9, m is calculated for
three different values of the proton leakage factor: f5 = 1 (black), fi = 0.7 (dashed),
and f5 = 0.4 (colored). Because fj is proportional to the concentration of the polarizing
agent, we can (arbitrarily) imagine these values to correspond to TEMPOL concentrations
of, respectively, 20 mM, 5mM and 1 mM (indicated with black points in Fig. 9).

In all cases, at a TEMPOL concentration of 20 mM the 3C coupling factor is essentially
unaffected by the three-spin effect (m ~ 1). The influence is strongest at the lowest con-
centration of 1mM, on which we focus now. For Co (Fig. 9, right), the three-spin effect is
predicted to reduce the coupling factor at all magnetic fields examined in the figure. The
decrease can be as small as ~5% at 9.7 GHz (Fig. 9d) and as large as ~50% at 260 GHz
(Fig. 9f). In the case of Cy, (Fig. 9, left), the three-spin effect leads to a smaller (by ~5%)
coupling factor at 9.7 GHz (Fig. 9a) and to a larger coupling factor (by ~20%) at 260 GHz
(Fig. 9¢). At 94 GHz (Fig. 9b), the three-spin effect flips the sign of the coupling factor
and increases its magnitude by a factor of ~300%. This huge three-spin effect is caused
by the vanishingly small value of 03, by which ¢§ is to be divided. However, because cg is
itself proportional to o2, the direct coupling factor of Cy, is already rather small at 94 GHz
(Table IIT). Thus, its significant increase caused by the three-spin effect is not expected to

be very helpful in practice.

IV. DISCUSSION

The computational approach that was followed consisted of (i) performing MD simula-
tions of the acetone liquid containing the polarizing agent TEMPOL, thus following the
dynamics of ~ 2700 molecules, and (ii) subjecting a small fraction of the molecules in the
MD snapshots to quantum mechanical calculations. Relying on the point-dipole approxima-
tion, the atomic positions in the MD snapshots were used to calculate the dipolar SDF.2%:22
At this stage, finite-size corrections to the SDF were introduced as previously described.?324
A novelty of the present paper is the subsequent use of the MD snapshots in the ab initio
calculation of the Fermi contact interactions. By using the polarization continuum model,

converged scalar couplings were obtained with only a few molecules included explicitly in
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the ab initio calculations (Fig. 2). The small number of molecules present in each quantum
mechanical calculation (6 acetone and 1 TEMPOL) allowed us to calculate Fermi contacts
from 10000 different MD snapshots, thus ensuring the statistical convergence of the results.

Considering only the contribution of the electron-nuclear dipolar interaction, the 3C
DNP coupling factors at the lower fields (< 3 T) were not much smaller than those of
protons (Table II). Because the translational diffusion of the carbon and proton nuclei is
dictated by the acetone molecule to which they belong, this result is not surprising. The
effect of the “distance of closest approach” on the dipolar coupling factors of the three nuclei
was also observed in Table II. While protons had largest dipolar coupling factors, the most
centrally located atom Cp had smallest dipolar coupling factors, and those of Cy, were
in between. Differences in the proximity of the atoms to the surface of the molecule were
observed to have increasingly larger effect on the dipolar coupling factors at higher magnetic
fields (> 3 T).

The Fermi contacts calculated for the three types of nuclei exhibited both positive and
negative values during the dynamics of the molecules (Fig. 4). As a result, a fast (sub ps)
decay of the scalar TCFs was observed for all the three studied nuclei (Fig. 5). In addition,
at distances less than about 4A, the magnitude of Aj,, did not change monotonically with
the separation of the nucleus from the TEMPOL oxygen (Fig. 4). These findings should be
contrasted with the expressions of a Fermi contact interaction decaying exponentially with
distance that have been used in the literature.'®*>43 Clearly, due to the complex dependence
of the spin density on the intermolecular geometry (Fig. 3, insets), the reliable prediction
of the scalar interaction appears to require the use of quantum mechanical calculations, as
was done in the present work.

Distinct scalar SDFs were obtained for the three nuclei (Fig. 6). Interestingly, although
the acetone protons almost always come closer to the unpaired electron compared to the
central acetone carbon (Cp), the scalar SDF of the former nuclear spin was not much larger
than that of the latter. In comparison, the scalar SDF of the acetone methyl carbon (Cp,)
was determined to be more than an order of magnitude larger than the others across the
entire frequency range shown in Fig. 6. Whatever its magnitude, however, to influence the
Overhauser DNP the scalar SDF should be comparable to the dipolar SDF.

For the protons of acetone the dipolar SDF was found to be several orders of magnitude

larger than the scalar SDF at all studied frequencies (Fig. 7). As a result, the scalar in-
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teraction had a negligible influence on the DNP coupling factors (Table II and Table III).
Because the dipolar SDF scales with the square of the gyromagnetic ratio, the J(w)’s of
the two types of acetone carbons were more than an order of magnitude smaller than that
of the protons (Fig. 7). This allowed the scalar SDF of the carbonyl carbon, which was
smaller than the proton K(w), to come close to its dipolar SDF at high frequencies. The
result was significant cancellation of the respective enhancements and miserable Co DNP
coupling factors at frequencies higher than about 200 GHz (Table III). At fields lower than
about 4 T, however, the scalar interaction did not do much harm to the coupling factors,
suggesting that appreciable enhancements of the carbonyl carbon NMR signal should be
achievable through ODNP.

For the methyl carbon, which had the largest K (w) among the three nuclei (Fig. 6), the
scalar and dipolar SDFs were comparable in magnitude. Upon increase of frequency the
two SDFs were found to decrease with different rates and intersect at about 100 GHz (Fig.
7), at which point the coupling factor droped to zero (Table III). Due to the difference in
their slopes, the scalar SDF dominates at higher frequencies leading to negative coupling
factors (i.e., positive enhancements). The slower decrease of K (w) with frequency compared
to J(w) results in very similar scalar-dominated coupling factors at 260 GHz and 460 GHz
for Cp, (Table III). This finding illustrates that at sufficiently high fields, where the scalar
interaction dominates over the dipolar interaction at the electron Larmor frequency, the
DNP coupling factor almost stops dropping with the field.**

We further investigated the influence of the proton polarization on the carbon polarization
within the approximations of the three-spin treatment in ref. 2. To this end, the SDF of
the proton-carbon dipolar interaction was calculated from the MD trajectories following the
same procedure that was used to calculate the electron-carbon dipolar SDF. This allowed us
to calculate the cross-relaxation rate of as a function of frequency (Fig. 8). The calculation
of o illustrates that the multiscale treatment of the dipolar interaction, although developed
with the Overhauser effect in mind, is directly applicable to the nuclear Overhauser effect,
thus should be of interest for the calculation of intermolecular NOE in liquids.*® Our detailed
calculations demonstrated that the net NMR enhancement may either suffer or benefit from
the three-spin effect depending on the type of *C nucleus and the DNP frequency (Fig. 9).
However, for the carbons of acetone the three-spin effect is not expected to play a significant

role in practice. For completeness, it should be mentioned that the potential contribution of
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the proton-carbon J-coupling to the three-spin effect was deemed negligible and was ignored
in our treatment.

Previously, we reported DNP coupling factors for acetone protons and TEMPOL that
were calculated disregarding the possibility for scalar interaction.?® Our computational pre-
diction of ¢ = 3.5% at 260 GHz was larger than the experimental value of ~ 2%.® However,
the TEMPOL concentration in the experiment was 1M, while the MD simulations were
performed with one TEMPOL molecule in a box of acetone. MD simulations with 1M
TEMPOL resulted in a coupling factor of 2.9%, which is larger than the experimental value
by a factor of ~ 1.5. At the time we speculated that the inconsistency may be due to the ne-
glect of the scalar interaction in the computational analysis. Here, we demonstrated that for
low TEMPOL concentration the proton coupling factors are not affected by the scalar inter-
action. We expect this conclusion to apply to high radical concentrations as well. Thus, the
discrepancy between calculations and experiment reported in ref. 25 remains unexplained.

An experimental study by Lingwood et al. has reported room-temperature '*C ODNP at
0.35 T.1® The free radical 4-amino-TEMPO was introduced in a solution of water containing
5M acetone. NMR signal enhancements (scaled by an arbitrary constant and corrected
for three-spin effect and leakage factor) of —91 and —23 were reported for Co and Cy,,
respectively.!® In qualitative agreement, we found that at 9.7 GHz the coupling factor of Cq
is larger than that of Cy, (Table III). However, while the enhancements of the two carbon
types differ by a factor of ~ 4 in the experiment, the ratio of the coupling factors we found
is ~ 1.6. In ref. 18, proton decoupling has been applied to investigate the contribution of
the three-spin effect. Upon decoupling, i.e., removing the three-spin effect, the NMR signal
in the presence of 20 mM free radical has been reported to increase by ~ 10% and ~ 20% for
Co and Cy,, respectively. In qualitative agreement, we also predict slightly larger three-spin
effect for Cy, at 9.7 GHz (Fig. 9, top). However, we only reach a comparable magnitude of
the three-spin effect at much lower TEMPOL concentration (e.g., 1 mM).

All that said, quantitative agreement between our calculations and the findings of ref.
18 should not be expected for several reasons. While we have modeled pure acetone at
35°C, the experiment is of 5 M acetone in water (i.e., ~ 36 M water) at room temperature.
The diffusion constants of the species should be affected by this difference in the physical
conditions. Because the proton density of the water-acetone mixture is ~ 100 M, whereas

it is 80 M for pure acetone (Table I), the three-spin effect in the experiment is expected
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to be larger than our calculations by at least a factor of 1.25. Finally, while similar to
TEMPOL, the free radical 4-amino-TEMPO used in the experiment is expected to have an
electric charge of +1e at pH7. It is hard to speculate how this could influence the electron
spin density at the position of the carbon atoms on acetone. The Fermi contacts should
be further affected by the differences in the dielectric constants of the liquids: ~ 60 for the
water-acetone mixture vs. ~ 20 for pure acetone.

One last remark is in order regarding the ab initio calculation of Fermi contacts from
the molecular geometries in the MD snapshots. The B3LYP/ERP-II combination that we
employed has been studied extensively in terms of its ability to produce high-quality Zeeman
and hyperfine coupling tensors for nitroxide radicals.®® The isotropic part of the latter,
which is essentially the Fermi-contact interaction of the electron spin with the nitrogen of
the nitroxide, has been found to be quite sensitive to the degree of pyramidality at the
nitrogen and the exact length of the nitrogen-oxigen covalent bond.*” Because in our case
the molecular structures come directly from the classical MD simulations, the bond length
and the bending of the nitrogen-oxygen bond relative to the nitroxide ring are expected to
show variations—which are not necessarily realistic—across the MD snapshots. In principle,
this may have adverse effect on the calculated Fermi contacts. However, the tests in the
literature have focused on intramolecular Fermi contacts, whereas the Fermi contacts utilized
in the presented approach are intermolecular and, thus, should be less sensitive to the precise

geometry of the nitroxide.

V. CONCLUSION AND OUTLOOK

A computational methodology for predicting Overhauser DNP coupling factors by ac-
counting for the simultaneous presence of dipolar and scalar interactions between electron
and nuclear spins was presented. It was applied to liquid acetone doped with TEMPOL.
In addition to 'H nuclei, whose DNP had been studied computationally before,?> acetone
contains two different types of carbons: methyl carbon and carbonyl carbon. As both scalar
and dipolar interactions are known to contribute to the '*C DNP enhancement,® the de-
veloped approach made possible the prediction of the coupling factors of these two carbon
nuclei over a wide range of magnetic fields.

Our results demonstrated that, for protons, the scalar interaction is not effective in liquid
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DNP and will remain ineffective for all high magnetic fields that may be reachable in the
near future. Thus, proton ODNP is doomed to rely on the dipolar interaction for which the
coupling factor is known to diminish substantially with frequency. In contrast, for carbons,
the scalar interaction was found to be important at all fields beyond ~ 3 T. For the carbonyl
carbon of acetone, the scalar interaction was shown to be unfavorable at fields higher than
~ 3 T. For the methyl carbon of acetone, the scalar interaction completely killed the NMR,
signal in the vicinity of ~ 4 T but was predicted to produce positive enhancements at fields
beyond 9 T. Very encouragingly from the perspective of high-field liquid DNP, because of
the slower decay of the scalar SDF with frequency (compared to the dipolar SDF), the
positive enhancement is expected to remain almost unchanged when going from 400 MHz
to 700 MHz (proton frequency).

On the basis of these results we can predict that, due to its reliance on the dipolar
interaction, proton ODNP beyond 500 MHz may not be particularly rewarding as far as
enhancing the NMR signal is concerned. In contrast, in the case of carbons, liquid ODNP
spectrometers at these higher fields have the potential to benefit tremendously from the
scalar interaction because its spectral intensity drops more slowly with frequency compared
to that of the dipolar interaction. However, the practical applications of *C ODNP at
such high fields will require a better understanding of how the chemical type of carbon (e.g.,
methyl carbon vs. carbonyl carbon) determines the strength of the scalar interaction. Among
different carbons, the dominance of scalar over dipolar interaction in liquid DNP at lower
fields has been found to be largest for sp® hybridized carbon atoms bonded to chlorine atoms,
as exemplified by chloroform.® We are in the process of applying the presented methodology

to TEMPOL in chloroform. Our results will be reported in due course.
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TABLE I. Nuclear spin number densities and concentrations for the MD simulations of acetone at

35°C. [I] = N;/Na, where Ny is Avogadro’s number.

CHh, Co

H
N;/nm—3 16.13 8.06 48.39
[1]/M 26.8 13.4 80.4
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TABLE II. DNP coupling factors (%) for 'H and '3C calculated at different electron Larmour

frequencies (GHz) using only the dipolar interaction of electronic and nuclear spins.

9.7 34 94 200 260 330 460

Ch, 35.4 17.8 6.54 2.58 1.84 1.33 0.81
Co 34.4 15.3 4.37 1.48 1.00 0.70 0.41
H 36.2 20.0 9.38 4.51 3.48 2.78 2.04
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TABLE III. DNP coupling factors (%) for various electron/proton Larmour frequencies

(GHz/MHz) calculated by accounting for both dipolar and scalar interactions.

9.7/15 34/50 94/140 260/400 460/700
Ch, 21.7 7.0 0.2 ~1.7 ~1.5
Co 34.1 15.1 4.2 0.8 0.3
H 36.2 19.9 9.36 3.47 2.02
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FIG. 1. Left: A molecule of acetone contains six hydrogen atoms (white), two methyl carbons
(cyan), one carbonyl carbon (cyan), and one oxygen atom (red). Right: The nitroxide free radical

TEMPOL.

25



Physical Chemistry Chemical Physics Page 26 of 33

0.42 .
®m PoM
041"  m noPcM
] [ ]
0.4 n
L [ ]
039 | -
‘N’ 038 [ ] ™
é »
= 037 -
o
2036 I .
<
035
»
0.34
033
"
0.32 : . . . . . .
0 1 2 3 4 5 6 7 8

Number of acetone molecules
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FIG. 9. Three-spin multiplicative correction factors, m, of Cg, (left) and Co (right) calculated
at 9.7GHz (a, d), 94GHz (b, e), and 260 GHz (c, f). The examined proton leakage factors are
f5 =1 (black), 0.7 (dashed) and 0.4 (colored). Plausible leakage factors for the specified TEMPOL

concentrations are indicated with black points.
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