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termolecular Contributions in Water and Acetonitrile
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Buffalo, NY 14260-3000, USA
email: jochena@buffalo.edu

Abstract: NMR relaxation rates for protons in liquid water and neat acetonitrile were computed
based on ab initio molecular dynamics (aiMD) with forces from Kohn-Sham (KS) theory as well
as force-field (FF) based classical dynamics. Intra- and intermolecular dipole-dipole contributions
were separated, and nearly quantitative agreement with experiment was obtained for water. Spin-
rotation (SR) contributions to the intramolecular relaxation rate in acetonitrile were computed
using nuclear SR coupling tensors obtained from KS theory, and improved the total computed
intramolecular rate to within a factor of two of experiment. Insufficient sampling of rare short-time
collision events between neighboring acetonitrile molecules in the simulations is hypothesized as
a major source of error in the intermolecular contributions.

1 Introduction

Magnetic dipole-dipole interactions mediated by molecular motion constitute the primary mech-
anism for 'H relaxation in NMR spectroscopy. Relaxation data obtained from NMR experiments
are an important source of information regarding the details of molecular motion for a chemi-
cal system. Interpreting the experimental results is nearly always accomplished via predefined
motional models. To this end, much of the theoretical work in NMR relaxation theory has been
devoted to development of these models, '=° which tend to be specific to a certain kind of system or
set of conditions, assume an analytical form of the relevant time autocorrelation functions (ACFs),
and sometimes require additional empirical data such as a radial distribution function (RDF) for
the bulk system. While these models may work well, by their nature they ignore subtle details of
dynamics at the molecular level and it is often difficult to know a priori if a given model is applica-
ble to a particular system. For these reasons, it is important to study NMR relaxation phenomena
via molecular dynamics (or Monte Carlo) simulations circumventing the need for empirical mod-
els. There are many sophisticated force fields available that can provide accurate trajectories in
molecular dynamics for different classes of molecules. Inherent approximations notwithstanding,
as it becomes computationally more tractable, a first principles approach to determine the forces
in molecular dynamics is more general, as it does not require a force field that is parameterized

a-priori and known to be suitable for the system of interest. It is therefore important to develop and
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11 in addition to utilizing

test first-principles theory tools for predicting relaxation phenomena,
force-field methods for the dynamics.

While proton NMR is ubiquitous in chemistry and elsewhere, much remains to be learned
about the dynamic mechanisms that drive relaxation in even the simplest molecular systems.
Previous work from our group®'? has focused on the quadrupolar interaction, which tends to
dominate the relaxation for nuclei with spin quantum number I greater than 1/2. For I = 1/2
nuclei, which are not quadrupolar, the primary relaxation mechanism in diamagnetic systems is
the dipole-dipole interaction. Dipolar relaxation, as the name implies, is driven by the fluctuating
fields generated via the interaction between two nuclear magnetic dipoles. The interaction may
take place intramolecular and intermolecular. The intramolecular portion is driven by nuclear vi-
brations and rotations within the molecule. The intermolecular contributions are primarily driven
by translational diffusion' and more difficult to describe generally, arising when spin-half nuclei
from neighboring molecules interact at a near enough distance to induce a fluctuating local field
sufficient to cause relaxation. In general, the intermolecular interactions occur at a slower time
scale than the intramolecular interactions, and it has even been suggested that the fast motion
limit is inapplicable in this context, !> even though the slow motion regime is usually only invoked
for macromolecules such as proteins, or for very viscous fluids. It has also been demonstrated
experimentally that intermolecular cross-relaxation effects such as between 'H and '°F result in
relaxation associated with the slow motion regime. '* However for indistinguishable nuclei in small
molecule, non-viscous fluids, theory ' and experiment '3 substantiate the fast-motion limit, where
the spectral densities and therefore the relaxation rates are expected to be frequency independent.

There have been a number studies of dipolar NMR relaxation in simple molecular systems

using classical force-field driven molecular dynamics (FFMD) in the past few decades. 12141617

For instance, Lippens et al. 4

used a single point charge (SPC) water model augmented with point
polarizability '* and reported very good agreement with experiment for intermolecular contribu-
tions, while underestimating the intramolecular contribution by nearly a factor of three. Calero
et al.!! explored several different classical water models and determined that the only model in-
vestigated which reproduced the experimental relaxation rate quantitatively was the TIP4P/2005
model. The team also considered a single, sub-20 ps Kohn-Sham (KS) density functional theory
(DFT) based ab-initio MD (aiMD) simulation of the Car-Parrinello type. Westlund et al. ' sim-
ulated neat acetonitrile using purely electrostatic and Lennard-Jones potentials and obtained the
intermolecular relaxation rate within about 30% of the experimental value at the target tempera-
ture. Gerig'” later studied acetonitrile as well, using a six-site interaction model, !° resulting in
intra- and intermolecular contributions computed to within about 25% of experiment. In a fun-

L. 12

damental study conducted by Odelius et al. '~ utilizing simple Lennard-Jones particles, questions

were raised as to the reliability of intermolecular results from simulations of insufficient length as
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well as the validity of the extreme narrowing condition in this context. Further, in our previous
aiMD work on quadrupolar relaxation in (heavy) water we showed variations between the relax-
ation data from different sub-20 ps trajectories, such that a more extensive sampling appeared
necessary.

In the present work, we use FFMD and aiMD to compute 'H dipolar relaxation rates in liquid
water and acetonitrile and explore the dynamic mechanisms responsible for relaxation. Section
2 summarizes the theory and working equations for the computation of dipole-dipole driven re-
laxation rates from molecular dynamics, and provides computational details. Section 3 presents
relaxation results for water and acetonitrile from aiMD and FFMD in comparison to experiment.
We also make comparisons with a high level aiMD simulation for water performed by DiStasio et
al.?% and estimate the intermolecular contributions to the dipolar relaxation with RDF-based mod-
els of Harmon and Muller. Furthermore, the spin-rotation contributions to the relaxation rates are
calculated and shown to improve the calculated relaxation rate for acetonitrile while being negli-

gible for water. Section 4 provides general conclusions and an outlook.

2 Theoretical and Computational Details

The theoretical framework for nuclear spin relaxation was established by Bloembergen, Purcell,
Pound?! and Redfield.??> A selection of specialized texts devoted to the topic includes the ones

by Spiess,?* Cowan,?* and Kowalewski and Miler.? The longitudinal relaxation rate, 1/T; for a

dipolar nucleus interacting with nuclei of the same type is given by 2%
Y
0
T <E> PRI+ D[y (@g) +40,2w,)] M

Here, y, is the permeability of free space, y is the gyromagnetic ratio of the dipolar nucleus, 1
is the nuclear spin quantum number, and J,(w,) are the spectral densities associated with the
dipolar interaction at the Larmor frequency w,. The spectral density is defined via a half-Fourier

transform of the ACF associated with the dipolar interaction,

J, (@) =2Re [/ Gm(r)e_i‘”Tdt] 2)
0
Further, G,,(7) is the time ACF of the dipolar interaction and is denoted as

G,(v) = (F (1) F/ (1, + 1)) 3)
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The brackets signify an ensemble average over all spin pairs i and j and time origins f,. As in
reference 17, G(r) (without the index m) is taken to be the average of the m = 1 and m = 2
components of G, (r). The correlation time 7, for the dipolar relaxation process can be defined

via the following relation

__L [
"= G0) /O G(r)dr 4)

where G(0) is the total variance of the dipolar interaction.

The interaction, Fr;f (1) between two dipolar nuclei whose motion drives the relaxation is de-

Fii(r) = 1 %’”YM [Q,. j(t)] r ) ®)

Here, Y, ,, [Qi j(t)] is a spherical harmonic depending on the collective set €;; of the polar and

fined as

azimuthal angles of the vector between nucleus i and j relative to the laboratory coordinate system.
Further, r, ; is the internuclear distance.

For small molecules in non-viscous fluids, nuclear motion is in the extreme narrowing limit
(wy7, < 1) and the spectral density is constant for frequencies reasonably lower than 1/z,. Equa-

tion (2) then reduces to an integration of the ACF, yielding the spectral density at zero frequency

J (0)=2 / ) G, (t)dr (6)
0

In this case, equation (1) can be rewritten by using J,,(0) in place of J, (®,).

Pioneering developments of models for nuclear spin relaxation by translational diffusion were
made by Torrey.! Harmon and Muller (HM) extended Torrey’s theory to include information pro-
vided by the radial distribution function of the liquid.* In Section 3, we invoke the HM model for
the intermolecular spectral density, which is derived from a hybrid model of oscillatory molecular

motion and diffusive jumps. As formulated by Sholl, it is given by

J,(0) = 371 lf <5 - “—2> +51, - 312] )

2015¢D | b b?

where n is the spin number density in the system, D is the translational diffusion constant, ¢ is
the distance of closest approach of molecules (defined by the first non-zero point on the center of
mass RDF), and b is the distance at which the liquid loses structure (defined by the point at which

the RDF converges to unity). The I,, not to be confused with spin quantum numbers, are integrals
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over the RDF, g(r), defined by

1 (/¢ %
Ik:; = grdr, k=1,2 (8)

The prefactor of 1/20 in equation (7) is different from the 1/30 in the paper of Sholl due to a slightly
different (but equivalent) set of prefactors used in equations (1), (5), and the spherical harmonics.
To obtain the intermolecular relaxation rate, the spectral density from equation (7) is substituted
in Equation (1) with J, = J,.

Car-Parrinello aiMD simulations (CPMD) of pure water and pure acetonitrile were carried
out using the Quantum-Espresso (QE) software package.?® Simulations of both systems utilized
the exchange-correlation functional of Perdew, Burke, and Ernzerhof (PBE),?”?® and additional
simulations of water employed the revised PBE (revPBE) functional>® based on a previous com-
parison between the functionals in water simulations.° For all simulations, we employed ultrasoft
pseudopotentials from pslibrary1.0.0,?! a kinetic energy cutoff of 100 Ry for the plane-wave (PW)
basis, and a time step of 6.0 au (0.145 fs). For all PBE simulations, a fictitious electron mass () of
380 au was used. 2% For revPBE simulations, a value of y = 450 au was found to be necessary
for maintaining separation in the electronic and nuclear degrees of freedom. Water simulation
cells contained 64 molecules. In order to keep the computational effort manageable, the acetoni-
trile simulation cells contained 32 solvent molecules. To yield simulations with densities equal to
that of the liquid at ambient conditions, cubic cells with dimensions of 12.41 A and 14.38 A, re-
spectively, were employed. Random initial cell packing and 5 ps of pre-equilibration with FFMD
in the NVT ensemble was performed with the Tinker molecular modeling package 3 using the Op-
timized Potentials for Liquid Simulations all atom force field (OPLS-aa). > The aiMD simulations
consisted of an additional 5 ps of equilibration in the NVT ensemble at 350 K using a three-chain
Nosé-Hoover thermostat (90,45, and 15 THz), followed by dynamics in the microcanonical (NVE)
ensemble. The first 1 ps in the NVE ensemble was also taken to be part of equilibration. For fur-
ther comparison, sets of simulations with production fully in the NVT ensemble were explored.
Production simulation times were 40-50 ps for long simulations and 25 ps for sets of short simu-
lations. For acetonitrile, additional nanosecond time scale simulations at 300 K were performed
entirely with FFMD in Tinker in both the NVT and NVE ensembles. Since classical dynamics
allows for simulation of much larger systems, one of these simulations contained 500 molecules
(cell dimension = 35.97 A) and the intermolecular relaxation rate was computed according to
equation 7. However, due to the computational scaling of the two-atom property calculations for
the relaxation rates, and for better comparison with the aiMD results, only simulations containing

64 molecules (cell dimension = 18.13 A) were used for computing relaxation rates via explicit cal-
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culation and correlation of all dipole-dipole interactions. All FFMD simulations used a timestep
of 1 fs. To ensure that the acetonitrile intermolecular forces were well approximated in our sim-
ulations, dimer binding energies were computed for cyclic and linear dimer configurations using
the same DFT and FF levels of theory as utilized in the dynamics. These results are reported in the
Supporting Information (SI) and follow the same trend as post-Hartree Fock calculations reported
previously in the literature.® For all relaxation results reported in the main text, a cut-off radius
of 23 au ( 12.17A) was used for computing the dipole-dipole interactions at each snapshot. Con-
vergence of the intermolecular relaxation rate with increasing cut-off distance was demonstrated
for acetonitrile FFMD (See SI). Care was taken not to increase the cut-off distance larger than the
simulation box dimension in order to avoid artifacts from periodic images.

As in previous work,*!%3738 we corrected for the over-structured nature of water typically
observed in aiMD simulations with non-hybrid functionals such as PBE3*3° via an elevated sim-
ulation temperature of 350 K along with semi-empirical van der Waals corrections (D2) to the
energies and forces.***! When using revPBE, however, the system was simulated at the target ex-
perimental temperature of 300K with example simulations using both NVT and NVE ensembles
for production. Dispersion corrections were still applied. It is unclear whether the elevated tem-
perature discussed above is valid for ab initio acetonitrile in PBE. We ran PBE simulations at 300
and 350 K and the relaxation results are compared.

Post-processing of the MD trajectories including computation of two-atom distances corrected
for periodicity, empirically determined bonding for separation of intra- and intermolecular pairs,
RDFs, and trajectory visualization were accomplished using an open source tool developed in our

).42

group (version 0.4.1).*> Code implementing the dipolar relaxation theory as defined in Section 2

was also written in-house using Python 3.

3 Results and Discussion

Tables 1 and 2 summarize the dipolar relaxation results computed from all performed simulations
according to Equations (1) to (6). The experimental and computed longitudinal relaxation rates,
along with the computed correlation time and total variance for the dipolar interaction are reported.
Computed results are from each of our simulatiuons as well as an aiMD simulation by DiStasio
et al.?® Overall the calculated rates for water agree quite well with the experiment. The rates
from the longest PBE simulation are in quantitative agreement with experiment, including the
the values for intra- and intermolecular contributions when compared to the results reported by
Goldammer and Zeidler.** In keeping with our previous work,”!? averages over several sets of
independent trajectories were taken in order to get an idea of the statistical error in the calculations.

Averages and standard errors are reported in Tables 1 and 2. According to these average total

6
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relaxation rates, the 50 ps simulation yields results slightly outside the statistical range defined by
the shorter trajectories. This may be an outlier or an indication that there is still some important
correlation to be gained by sampling longer than 25 ps. A single 25 ps simulation utilizing revPBE

slightly overestimated the relaxation rate, however it is within the range of the individual short

Table 1: Summary of dipolar "H NMR relaxation results® for water from various simulations.

1 1 1
F1 Te G(O) Flintra Flinter
Exp. #3344 0.280 - - 0.170 0.110
DiStasio (25ps)?° 0.226 4.452 10.054 0.132 0.093
PBE,NVE (50 ps) 0.275 5.851 8929 0.161 0.114

PBE,NVE 10x25 psavg  0.229 4972 9.110 0.140 0.094
PBE,NVE 10x25 pserr. ~ 0.025 0.548 0.071 0.017 0.010
PBE,NVT 10x25 psavg  0.130 2.824 9.049 0.078 0.052
PBE,NVT 10x25 pserr. ~ 0.005 0.095 0.047 0.004 0.001
revPBE,NVT 10x25 psavg 0.116 2.511 9.041 0.070 0.046
revPBE,NVT 10x25 pserr.  0.003 0.060 0.030 0.003 0.001
revPBE,NVE (25 ps) 0.340 7.752 9308 0.199 0.141

¢ Data from current work except where noted otherwise. Calculations for our aiMD simulations
used a sampling rate of every 300 frames (0.04 ps) and for the simulation of DiStasio the
sampling rate was every 0.1 ps. Experimental values are extrapolated at 298 K from data in
references 43 and 44 and are subject to their inherent experimental uncertainty. Relaxation rates
are in Hz, 7, is in ps, and G(0) has units of 10°au° where au is atomic units of distance or bohr.
‘err.” indicates the standard error from averaging the results over ten independent simulations.

Table 2: Summary of dipolar 'H NMR relaxation results® for acetonitrile from various simulations.

1 1 1

F} Te G(O) T_lintra Flinter

Exp. 1 0.067 - - 0.046 0.020

PBE,NVE (350K,50 ps) 0.015 0.517 6.020 0.010 0.004

PBE,NVE (300K,40 ps) 0.023 0.731 5943 0.017 0.006

PBE,NVE,350K 10x20 ps avg 0.018 0.578 5.961 0.013 0.005

PBE,NVE,350K 10x20 ps err.  0.001 0.022 0.029 0.001 0.000

FFMD (NVE,300K,1 ns) 0.033 1.050 6.303 0.024 0.009

FFMD (NVT,300K,1 ns) 0.032 0.987 6.311 0.022 0.009

¢ Data from current work except where noted otherwise. Calculations for the aiMD simulations
used a sampling rate of every 300 frames (0.04 ps) and for the FFMD simulation the sampling
rate was every 0.5 ps. Experimental values are extrapolated at 298 K from data in reference 15
and are subject to their inherent experimental uncertainty. Relaxation rates are in Hz, 7. is in ps,
and G(0) has units of 10%°au® where au is atomic units of distance or bohr. ‘err.’ indicates the
standard error from averaging the results over ten independent simulations.
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PBE simulations, which are provided in the SI. We compare with a water simulation of DiStasio
et al.?® as well, for which the total relaxation rate falls within the range of rates from short PBE
simulations with NVE.

Simulating with NVT systematically gives shorter correlation times and therefore lower rates.
We tentatively attribute this finding to the thermostat influencing the thermal motion of the nuclei,
which motivated us to perform the dynamics in the NVE ensemble in the first place. Namely, the
relaxation mechanism is effective, with a high rate, when the fluctuating local fields de-correlate
slowly. Apparently, the action of the thermostat causes an artificial de-correlation of the magnetic
spin-spin interactions, leading to the lower calculated rates.

In the case of acetonitrile, the purely dipolar rate values in Table 2 systematically underestimate
the experiment by at least a factor of 3 with aiMD. In the case of intramolecular relaxation, the
underestimation in Table 2 is in part due to the exclusion of another fundamental mechanism
of spin-rotation (SR) which is discussed at the end of this section. We decided to investigate
FFMD simulations here in order to see if access to nanosecond scale simulation times improved
the sampling for intermolecular contributions. Some improvement with respect to experiment is
seen in the intermolecular and total relaxation rates. Due to the computational expense of the two-
atom based correlation calculations, the length and sampling frequency used for these calculations
is limited. As a result, the complete results reported in Table 2 are for the first 1 ns of the 2 ns
simulations. To determine the necessary amount of sampling, several different sampling rates and
total times were investigated (see SI). It was observed that the computed rate is somewhat sensitive
to the sampling frequency used in the calculation but — beyond a certain limit — less so on the total
sampled time.

Some insight into the structural contributions to proton relaxation in water and acetonitrile
can be gained from the hydrogen-hydrogen RDFs. Figure 1 shows these RDFs, generated from
the aiMD for both liquids, and compared to literature results.**¢ In both cases there is a very
sharp peak below 2 A representing the intramolecular proton pairs (not seen in the purely in-
termolecular RDF from reference 46). The subsequent structure indicates intermolecular pairs,
water expressing two resolved peaks due to the hydrogen bonding structure. Acetonitrile, however
expresses a very broad intermolecular peak, at a somewhat greater average separation.*’* This
is indicative of weaker ordering or pair correlation between protons on neighboring molecules.
Because dipolar relaxation relies on the proximity and frequency of interacting spins in the sys-
tem, this may explain the difficulty of obtaining accurate intermolecular 'H NMR relaxation for
acetonitrile in this study. This nature of the intermolecular interactions in acetonitrile is further
evidenced by plotting the value of the dipolar interaction, F, ,(¢) across a simulation as is done in
Figure 2. F, ), as defined in equation (5), is plotted for a single representative proton pair on sepa-

rate molecules for 1 ns of the FFMD acetonitrile simulation. It is seen that spikes in this quantity,
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Figure 1: Hydrogen-hydrogen RDFs from 50 ps aiMD water, compared to experiment from refer-
ence 45 (left) and 50 ps aiMD acetonitrile, compared to a classical simulation from reference 46
(intermolecular only) (right)
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Figure 2: F,, component of the dipolar interaction as defined in equation (5) for a representative
pair of protons on different acetonitrile molecules across 1 ns of FEFMD simulation.

which correspond to the spins getting sufficiently close to interact, are brief and relatively rare on
the picosecond time scale. The rarity and transient nature of these collisions explains the necessity
for extended sampling as well as the sensitivity of the relaxation results to sampling frequency.
Sholl determined the behavior of the intermolecular spectral density according to several mod-
els of translational diffusion and showed that, at the low frequency limit, the spectral density is
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linear with the square root of the frequency. !
J(@) = J(0) - co? ©)

As shown by Odelius et al.,'? this relationship can be used to extrapolate the spectral density
obtained from a molecular simulation to determine its value at zero frequency or at the Larmor
frequency (@, ranges from 20 to 25 MHz for protons in the fields produced by the spectrometers in
the cited experimental works !>4*44). Figure 3 plots the m = 1 component of the spectral density
for the intermolecular dipolar interaction from our 50 ps aiMD water simulation against the square
root of the frequency. Linear extrapolation (dashed line) to the Larmor frequency and substitution
into equation (1) yields an intermolecular rate of 0.073 Hz, a bit lower than the corresponding value
reported in Table 1 obtained via direct integration of the ACF. Odelius et al. deemed the frequency
dependence of the spectral density at low frequency described by equation (9) as fundamentally
at odds with the extreme narrowing condition.!'?> However in our case, taking the zero-frequency
limit of the spectral density by integration of the ACF seems to give the best approximation of
the experimental relaxation rate. Furthermore, as Odelius et al. pointed out, the extent to which
the low frequency values of the spectral density can be calculated, is directly dependent on the
length of simulation. Nanosecond scale FFMD simulations for acetonitrile allow extension of the
intermolecular spectral density further into the low frequency region which is shown in Figure 4.

I is in fact consistent with

The lack of a pronounced frequency dependence below ca. 5 - 107 ps™
the extreme narrowing condition.

As introduced in Section 2, Harmon and Muller developed a model for intermolecular dipolar
relaxation, building on the theory of Torrey, but including information from the RDF. In their
original formulation, and as implemented in the current work, this model assumes that all spins
are at the center of spherical molecules. Therefore the RDFs used here are those of the centers of
mass of molecules in the system. We invoke this method in order to assess the relaxation results
as a function of the structure of the simulated liquids, as well as to remove the variables of sam-
pling for the autocorrelation functions and of configurations which have a specific orientation as
to drive the dipolar interaction. Table 3 summarizes our results from this model for each of our
simulations, including the intermolecular relaxation rate itself, the diffusion coefficient D, and a
parameter I,,) = 51, —31I, where I, are integrals over the RDF as defined in equation (8). Again,
our aiMD water simulations reproduce the experimental intermolecular rate quite well. Here, the
simulation of DiStasio et al. which is known to reproduce the experimental water structure very
well, gives a larger result for the relaxation rate, outside the range of standard error from our
25 ps PBE simulations and higher than the experiment. Comparisons of the oxygen-oxygen and

hydrogen-hydrogen RDFs from our 50 ps PBE water simulation with those from DiStasio et al.
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Figure 3: J, component of the intermolecular dipolar spectral density from a 50 ps aiMD water
simulation. Generated via half-Fourier transform of the corresponding ACF. The result is plotted
against the square root of frequency and a linear extrapolation in the low frequency region is shown
as a dashed line. The proton Larmor frequency is taken to be 25 MHz (2.5 x 107> ps~!) for the
purposes of extrapolating with equation (9)
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1.2
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103
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Figure 4: J, component of the intermolecular dipolar spectral density from a 2 ns FEMD ace-
tonitrile simulation. Generated via half-Fourier transform of the corresponding ACF. The proton
Larmor frequency is at 25 MHz (2.5 x 107> ps~!) at the field strength used in the experiments by

Woessner et al. ">
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and with experiment®

are provided in Figure 5. The intermolecular structure is clearly softened
with the use of a hybrid functional and explicit treatment of dispersion in the work of DiStasio et
al. While there is certainly a possibility that the formally better simulation of DiStasio et al. ex-
poses an underlying error cancellation in the PBE-based data, given the approximations leading to
Equation (7), we are reluctant to draw a strong conclusion based on a single aiMD trajectory. The
intermolecular relaxation rate for acetonitrile is improved with the Harmon-Muller model, com-
pared to the results in Table 2, coming within a factor of 2 of the experimentally derived value.
This may in part be attributed to the treatment of the centers of mass instead of the full molecular
structure in which the spins are off center. This off-center structure along with relatively unstruc-
tured H-H pair correlation were discussed above as reasons for the underestimation from the full,
dynamic theory. The center of mass treatment means that relative orientation of the spin carrying
molecules does not play a role in facilitating interaction between neighboring spins, as they are
treated simply as points. The relaxation model is also dependent on the translational diffusion
constants which were also computed and are reported in table 3. For water, the computed diffu-
sion constants agree with experiment very well,**>? especially given how difficult they have been
shown to reproduce from aiMD.>? For acetonitrile, reasonable agreement with the experimental

diffusion constant is achieved from a ten trajectory average and by FFMD.

Table 3: Intermolecular "H NMR relaxation results® utilizing the RDF-based model of Harmon
and Muller

1
F1inter b Ig(r)
Water Exp.*+° 0.110 0.230 -
Water PBE,NVE (50ps) 0.139 0.162 2.534

Water PBE,NVE 10x25ps avg 0.134 0.202 2.547
Water PBE,NVE 10x25ps err. 0.022 0.026 0.001
Water revPBE,NVT 10x25ps avg  0.077 0.295 2.503
Water revPBE,NVT 10x25pserr.  0.004 0.013 0.001
Water DiStasio (25ps) 0.171 0.127 2.431
Acetonitrile Exp. 15! 0.020 0.318 -
Acetonitrile PBE,NVE (50ps) 0.010 0.806 1.809
Acetonitrile PBE,NVE 10x20ps avg 0.016 0.532 1.814
Acetonitrile PBE,NVE 10x20ps err.  0.001 0.030 0.003
Acetonitrile FFMD (NVE,2ns) 0.017 0471 1.857

¢ RDFs are of the molecular centers of mass. The quantities o and b in equation (7) are
determined from the RDF and correspond to 2.3A and 6.25A for water and 2.75A and 6.5A for
acetonitrile respectively. Acetonitrile FFMD with 500 molecules. The experimental diffusion
constants are reported for the liquids at 298 K. The relaxation rate is in Hz, diffusion coefficient
in Azlps, and I, is in A-"and is equal to 51, — 31, with I, as defined in equation (8).

12
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A = PRBE NVE,350K == PRBE NVE, 350K
DiStasio DiStasio
2 - 9 - l
g Exp g Exp
8 \ p— =
0 -4/ 0 = :
1 1 1 1 1 1 1
2 3 4 5 6 2 4 6
r(A) r(A)

Figure 5: Oxygen-oxygen (left) and hydrogen-hydrogen (right) RDFs from our 50 ps aiMD water
simulation, the simulation of DiStasio et al. (taken from reference 20), and the experiment from
reference 45

We summarize our findings up to this point: Using the full dynamic approach defined by
equations (1) through (6) in the extreme narrowing limit, accurate longitudinal 'H relaxation rates
with respect to experiment were obtained for water from KS-based aiMD with PBE and revPBE
functionals. The high level hybrid-functional simulation of DiStasio et al. provided similar re-
sults to PBE at elevated temperature. Underestimation of 'H relaxation in acetonitrile can be at-
tributed to remaining limitations in the sampling, caused in part by weak H-H pair correlation. A
nanosecond-scale classical MD simulation yielded an improved value for the total relaxation. The
intermolecular spectral density plot from this FFMD simulation was found to be consistent with
the extreme narrowing condition. The RDF-based methods of Harmon and Muller were also used
to approximate the intermolecular contributions to dipolar relaxation rates. The model yielded
slightly elevated intermolecular rates compared to the full dynamic approach, corresponding to
an improvement with respect to experiment for acetonitrile. However, the spin rotation contribu-
tions to the relaxation still need to be determined (vide infra).

There are several fundamental sources of error that influence the relaxation results computed
from MD. Firstly, sampling is finite in time as well as system size, given that the properties in
question are measured on NMR time scales and on macroscopic samples. In addition, the ap-
proximations inherent in the forces computed in the dynamics, whether KS DFT or force-field
based, impact the molecular trajectories and therefore the properties of the system. Lastly, nu-
clear quantum effects, which are not included here, may play a significant role in the dynamics
that drive NMR relaxation for protons. Here and in the simulations by DiStasio et al., an elevated
temperature is used as a crude approximation to mimic these effects. Further investigation with
specialized aiMD methods implementing nuclear quantum effects is needed to determine their
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importance.

It has been argued that the spin-rotation mechanism plays a significant role in the relaxation
of acetonitrile protons.'> This mechanism originates from the interaction of the spins with the
magnetic field generated by rotation of the electronic charge in the molecule and is therefore an
intramolecular contribution to the relaxation rate. For acetonitrile at ambient conditions, this
mechanism and the dipole-dipole interaction are thought to contribute roughly equally to the in-
tramolecular relaxation, and therefore the dipolar intramolecular relaxation rates collected in Table
2 must be corrected for this effect to be compared to the experimental measurements.

Woessner et al. !> obtained intermolecular and intramolecular relaxation rates for aceetonitrile
via isotope dilution experiments. Two opposite temperature dependencies for the intramolecular
contribution to the relaxation rate were observed, characteristic of the coupled dipolar and SR

mechanisms. The purely dipolar contribution, (1/7);, was estimated using the following equation

<TL1>D =3y'n’b ", (10)
Here, y is the proton magnetogyric ratio, b is the distance between two methyl protons (1.78&),
and 7, is an effective correlation time for the proton motion in the molecule based on quadrupo-
lar relaxation measurements for '*N and D and rotational diffusion models for axially symmetric
ellipsoids. The resulting dipolar contribution was substracted from the total intramolecular com-
ponent to obtain the SR contribution. The value reported for the SR contribution at 298 K was
2.58 x 1072 Hz.

In order to validate their results, Woessner et al. proceeded to compute the components of the

nuclear SR coupling tensor, C, and C;, from their estimated rate, via the following equation:

2
GRESRE
This model assumes a spherical molecule with a single rotational correlation time, 7,, and a cor-
responding moment of inertia, ®. Since acetonitrile is not spherical, but rather a symmetric top,
equation (11) can be invoked for rotation about the major and minor axes separately giving upper
and lower bounds for the total SR relaxation rate. Using their empirically determined SR relax-
ation rate, Woessner et al. used this approach to obtain upper and lower bounds on the value of
2Ci + le. Presumably due to lack of SR data acetonitrile in the literature, Woessner et al. com-
pared the resulting values for 2Ci + Cﬁ to experimental values for methane obtained by Rugheimer
and Hubbard.>* These experimental methane SR components correspond to C;, = —111 x 10° Hz

and C; =23 X 10% Hz. Woessner et al. found their estimated upper and lower limits to bound the
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cited experimental values.

The SR tensor can also be computed ab initio at the KS DFT level of theory, for example as
implemented in the Dalton suite of programs.>-® Accordingly, we calculated the SR tensor for
acetonitrile with the B3LYP hybrid functional and the IGLO-III basis.>”>® The results converted
to the appropriate units are C, = 100x 10° Hz and C | =3.02% 10° Hz. The rotational correlation
times for rotation about the major (7)) and minor (z,) axes of acetonitrile were calculated from
our simulations which yielded 7, = 0.28 ps (®;, = 5.441 x 107* g cm?) and 7, = 1.55 ps
(®;, =91.11 X 1074 g cm?). Substitution in equation (11) yields upper and lower bounds on the
SR contribution to the intramolecular relaxation rate. Using the SR coupling data of Rugheimer
and Hubbard, a range of 2.66 X 1072 to 1.34 x 10~! Hz is obtained, while using the results of the
ab initio SR calculations for the acetonitrile molecule, a range of 2.12 X 103 to 1.07 x 10~! Hz
is obtained. The SR rate estimated by Woessner et al. for 298 K is 2.58 x 1072 Hz. When the SR
contribution to the intramolecular relaxation rate, based on the calculated SR tensor, is combined
with the dipolar contribution calculated from our aiMD simulations, a range of 1.2 x 1072 to
11.7 x 1072 Hz is obtained. This range brackets the experimental value of 4.6 x 10~2 Hz and
indicates that for acetonitrile the intermolecular relaxation indeed has an important contribution
from the SR mechanism due to the rotation about the major axis.

Liquid water, on the other hand, is not expected to experience a significant spin-rotation contri-

bution near room temperature, >’

mainly due to a smaller rotational moment of inertia and slower
molecular reorientation. Our calculations confirm this. A rotational correlation time of about 4 ps,
extracted from the simulations, when combined with a KS DFT computation of the spin-rotation
tensor, gives a spin-rotation contribution to the relaxation rate on the order of 107> Hz. Further

details are provided in the SI.

4 Summary, Conclusions, and Outlook

'H NMR relaxation rates in water and acetonitrile were computed from aiMD and FFMD sim-
ulations. The dipole-dipole driven relaxation was separated into intra- and intermolecular con-
tributions which, for PBE water, agree nearly quantitatively with isotope dilution experiments.
Approximations of the intermolecular relaxation rate via the RDF models of Harmon and Muller
suggest that the structure of our simulated ab initio water is not worse than the structure from high
level simulations of DiStasio et al. for the purpose of determining dipolar NMR relaxation, despite
the weaker H-H structure in the latter.

Using nuclear spin-rotation coupling constants obtained from KS DFT, corrections for the
spin-rotation contribution to acetonitrile intramolecular relaxation were made. With these cor-

rections, the computed lower and upper bounds of the intramolecular relaxation for acetonitrile
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bracket the experimentally derived value. The intermolecular contribution for acetonitrile apears
to be systematically underestimated from our shorter simulations, but sampling from a nanosec-
ond scale FFMD simulation improved the result to within approximately half of the experimentally
reported value. The remainder is assigned to the SR mechanism. The extended simulation time
of the FFMD also provided insight into the behavior of the intermolecular spectral density at low
frequency, which displayed a lack of a frequency dependence consistent with the fast motion or ex-
treme narrowing limit. These factors, along with the H-H RDF and plots of the dipolar interaction
between protons on neighboring molecules, suggest that it remains challenging to obtain the nec-
essary sampling of close intermolecular contacts, which drive this component of the relaxation,
from practically achievable simulations for weakly structured liquids such as acetonitrile.

Our group continues to investigate quadrupolar and dipolar relaxation from high level aiMD
simulation. Work is currently under way for several systems including Cs* in aqueous solu-
tion. '**Cs has a comparatively small quadrupole moment and therefore may experience a non-
negligible dipolar contribution in addition to the quadrupolar relaxation. We also aim to assess

the impact of quantum nuclear effects on the proton relaxation in water.
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