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1 Redfield theory for CSA relaxation

The Redfield theory [1] is a weakly-coupled, semi-classistdtistical density matrix formulation for the time evo-
lution of the nuclear magnetizatidl = nyh(lx),! wheren is the number density of nuclej is the gyromagnetic
ratio, andlk is the dimensionless spin angular momentum operator oens&l. The NMR relaxation is caused
by the fluctuations in the NMR tensors, parameters of the NIdiR Blamiltonian. The relaxation part of the time
evolution of the componer# of Ik is, within the Redfield theory, governed by

d(l o
% = > RaappPt)pp(le)aa = _M a
aa’Bp’
Raapp = Japarp (W = 0) +Jagarp (Wor = W) = Bup 3 Joarop (Wo — W) = Surp 3 Jopoa(wo — ), (1b)
’ o

whereR,q/gp is the Redfield matrixgr, 3 label the nuclear spin Zeeman states, dpgh denotes a thermal equi-
librium value. In Eqg. (1a), a connection is made with the gmeanological Bloch equations, [2] enabling the iden-
tification of longitudinal T = T1, & = Z) and transversel(= Tz, & = X,Y;(l¢)o = 0) relaxation times.J(w) is the
Fourier transform of the time autocorrelation function H)GH3(0);Hp (1)), of the perturbing, time-dependent
NMR HamiltonianH (t):

Juparp (W) = %/Z(Haﬁ(o); Hpar(t))e ' dlt. 2

1We employ SI units throughout.
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In the context of NMR relaxation processet(t) is usually decomposed in terms of spherical tensor comgsnen

2 |

H(t) = I;qzz_l(—l)qh(l,—q) AL, 3)

wherel = 0,1,2 are the tensorial ranks of the time-dependent interattiosorh _q (t) and time-independent spin
operatorA(:9) . In this approach, the SDF is written as

Japap (W % z Jo,—g) )A(I,?;), (4)

where the separation into spin-dependent and -indepemelens is accomplished with the spectral density function
(SDF) j(w) written as

J-0(@) = [ (0%, g (1) cosian)at (5)
Hence,j(w) is the Fourier transform of TCF consisting only of the timepdndent part of the perturbation Hamilto-
nian.
The interaction of nuclear spin with the static external ne&ig flux densityBy can be written as
1
HRivR = — okl [1= 0k (1)]-Bo = hnz +hesa(t), (6)

where ok is the nuclear shielding tensor. The unit tenaccounts for the Zeeman interaction (NZ) of the bare
nucleus. The Hamiltonian corresponding to shielding dutiané¢oelectron cloudhcsa(t), is a small time-dependent
perturbation. Its time-dependence arises from interatarullisions, cluster formation, and the rotation of cluste
with respect tdBy. Due to the fact thalcsa(t) appears twice in the SDF in Eq. (5), the CSA relaxation exhidi
built-in quadratic dependence on the external field.

The shielding tensor has a total of nine components, catitndp to tensorial ranks 0, 1, and 2. The rank-0
part is a scalar corresponding to the shielding constarghifts the Zeeman levels by a constant amount, and thus
is incapable of causing transitions between them. The tac@mponents cause the so-called antisymmetric (AS)
effect on relaxation, which is often neglected, [3] althlotigere are indications that it plays an important role in CSA
relaxation in favorable conditions. [4, 5]

The most important, rank-2 part of the perturbation Hamikla (3) reduces to

2

H(t) = q_z_2<—1>Qh?S;;<t>A<q>, (7)

where the label = 2 is omitted for simplicity. The time-independent pai§’ contain the external magnetic flux
density. With the choic®y = (0,0,Bp) (external field along the Cartesi@naxis of the laboratory frame), these are
written as [6]

AQ =28y, ; AED = q:? Bol. ; AF2 =0 (8)
The necessary spherical components of the cylindricallyrsgtric and traceless reduced rank-2 shielding tensor are,
consequently,
1 _ 1 .
ho) = S0z Nty = %Vk(]Fsz —ioyz), )

in terms of the Cartesian shielding tensor componenis (¢,k = X,Y,Z) with i the imaginary unit. The final
perturbation Hamiltonian is thus

V6 V6
H(t) =Bo | 2n)lz + 5N gl — 5yl | (10)
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which implies a calculation of three distinct TCFs correstiag to the shielding tensor componehtg, h..1). The
overall TCF becomes (omitting constants)

1

TCRY O > 1<h(q) (0);h(g) (1)) = (h(0)(0); h(g) (1)) +2Reh3) (0);hy) (1)) — 2IM{hy) (0); heyy (1)), (11)
o=

since Re¢h;) =—Rgh_1), and In(h;) =—Im(h_1). The final shielding SDF used to calculate the CSA relaxatiors
Ty is obtained by a Fourier transformation of Eq. (11), as

S (w) = FZ{TCHY)}, (12)

where.% is used to denote Fourier transformation.

In the present work dealing with the CSA relaxation of monodt 12°Xe, the total shielding tensor for every
Xe atom at each time step is constructed from the cylindyicgimmetric tensors formed in the local dimer coordinate
system. The dimer tensors are rotated to a common coordayatem, the laboratory frame, in which they are
summed. Due to the cylindrical symmetry of the pair tensihies small AS contributions to cannot be contained in
the total PAA shielding tensor. Consequently, we assesa&$heffect on the CSA7; by a posteriori -formulae {ide
infra). [4]

2 Molecular dynamics simulations

The simulations were performed at the experimental numeesity and temperature pointsT) [7, 8, 9, 10] with

the GROMACS simulation package [11]. Velocity rescalingrthostat [12] and Berendsen [13] thermo-/barostat
were used ilNVT andNPT simulations, in which conditions were prepared for the paticn runs. The density was
fixed by scaling the simulation box including 2000 atoms. Wirimum image convention was used in connection
with periodic boundary conditions. [14] After th&dV E production runs at the desired,T) points were carried out.
The configurations were saved at each 1 fs time step of th@824s production runs, after an equilibration period of
300-500 ps. The total energy as well as temperature drifts meegreater than 0.3 kJ/mol and 2.2 K, respectively. The
drifts remain within the rms error limits. A fully theoretitpair potential for Xe-Xe, obtained by combining coupled-
cluster singles, doubles and perturbational triples [CO3correlation treatment, scalar relativistic effedend
basis functions, and core-polarization contribution®] @as used in the simulations. The switching function [11]
was used in the interatomic distance range of 1.95 — 2.15 nowjding ana priori better choice than the simple
truncation of potential due to the singularity in the forbattfollows from the latter. At the distance of 2.15 nm,
the potential has a value of about 0.01% of its well depth. demnparison, we also employed the Aziz-Slaman
potential, [16] and both a textbook Lennard-Jones (LJ)m@k[17] and a LJ potential fitted to our own theoretical
interaction potential. The fitting parameters 2.354 kJ/mol ana@r = 0.391 nm were obtained for the latter.

3 Error sources

The rms error of the height of the plateau in the example ch20® K and 99.8 amg (See Figure 1 in the article)
implies+5% error margins oil;. The total TCF is governed by tleg spherical shielding component, since the;
terms only contribute roughly 4% to the tofRl. Considering the statistical sampling over the xenon Meeride,
the change inT; obtained between analyses of 200 and 2000 atoms (using lmahyd term) is comparable to the
error in the Lorentzian fit.

Despite the fact that PAA was found to be successfulofgs in Xe clusters, [18] the missing three-body and
higher-order terms introduce an error to the analysis of TSMAn estimate of the error due to PAA of the shielding
tensors can be obtained from the coefficient of the linearessipn fit of the PAA shielding anisotropies (constructed
from the shielding anisotropy binary property surface)imstaguantum-chemically calculated shielding aniso&epi
(proportional tohyp) for the instantaneous clusters ¢&Xe; that occur in the present simulations. The differently
coordinated atoms correspond to different slopes in thisMireover, the number of differently coordinated atoms
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is obtained from each simulated trajectory, which are usedeights of the slopes. Finally, a 5% error is obtained
in the 295 K, 99.8 amg trajectory. This error is doubled in T&F, implying £10% error margins foil; in this
representative case. The binary shielding anisotropyecigrexact for the coordination numb&equal to unity, and
the error in PAA increases for high&r [18] Hence, PAA involving the binargx(r) becomes an increasingly good
model at low densities.

The error estimate given for PAA is based on nonrelativistéctree-Fock calculations of the shielding tensors
in the xenon clusters. This is due to the heavy computatiomalen that would arise from the calibration of quantum-
chemical tensors for large clusters including the effedtslectron correlation, relativity, and their coupling ¢se
Eqg. (10) of Ref. [19]). A total of ten HF calculations were fmemed for each cluster Xgi = 3 — 7. In this context,
the £10% error margins mentioned earlier should be considereah asder-of-magnitude estimate for the

4  Antisymmetric terms in CSA relaxation

The antisymmetric (AS) rank-1 parts of may contribute to CSA relaxation. [20] The AS parts are noluded in
our method, which essentially is a superposition of rarkxg(r) functions. Using approximate formulae for ﬂﬁ?s
(Eg. (5) in Ref. [4]), ara posteriori estimate of 1& s is obtained, [21] with the minimum and maximum of ca® $0
and 184 s, respectively. The CSA/S is at least an order of magnitude larger than the rafk-grable 1 of the
article). Thus, the AS components do not contribute sigmifily in the present case.
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5 Figures and tables

13.0 |-n =33.9 amg o % -
115 - %
10.0F .

)
N @
o o
T
1

n =71.8 amg
[|[-6— Experimental
-3 Calc. (plateau fit)

[EnY
© P
T

\l
1

(3]
1

CSA relaxation time 7, (103s

A o0 o
oo u1 o

290 305 320 335 350 365
T (K)

B
o
T

Figure 1: Temperature dependence of the calculated andiesgrgal CSA relaxation times at three different number
densities of 33.9, 71.8, and 92.4 amg.
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Figure 2: Density dependence of the calculated coordimnatioamber distribution in gaseous xenon at 295 K. In
evaluating the coordination numbers we used the distantaion of 6 A corresponding to the first coordination
shell of the highest-density XgX simulation. The number-of-cases weighted average ofdlbedmation number is

obtained with(Z) = % wherek andw; are the trajectory-specific highest occurringand the number of atoms

belonging to specificzz,:rlespectively.
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Figure 3: Simulated average coordination num®rof xenon atoms as a function of the number density in xenon
gas at 295 K.
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Figure 4: Calculated and experimental chemical shift drogy (a) relaxation time$; and (b) relaxation rateg;, of
xenon gas at 295 K as functions of the average coordinatiorbeu
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Figure 5: Calculated radial distribution functions (RDB§gaseous xenon (a-e) as functions of the number density
at 295 K. The liquid phase RDF corresponding to 180 K and 5arfig is also shown in (f), along with the average
coordination numbers.
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Table 1: The parameteks b andR? of the linear regression fit= kx + b for the experimental and the two theoretical
(n,Ry) data sets in Figure 2 of the article.

method k(10 °s1amg) b(10°s 1) R
expt? 2.48 0.91 0.947
calc. plateau fit 2.06 1.89 0.989
calc. monoexp. TCF 2.01 1.53 0.999
aRef. [7].

10
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Table 2: Influence of the potential energy function and thgsmal content of the binary nuclear shielding tensor
parametrization on the calculaté&’Xe chemical shift anisotropy relaxation tirffg in gaseous xenon at 295 K and

99.8 amg.

Potential Switch T; (s Binary shieldin§ T (S)

owrf on 4380 R,C,RCE 4700
off 4040 R,C 4680

Own (0.5 fs MD step)  off 4120 R, NC 4630

LJ9 off 3010 NR, C 5870

Aziz-Slamaf on 4220 NR, NC 5690

a Whether the switching function is used to eliminate the ptdtruncation artefacts, on = switching function used,
off = no switching function.

bn all cases, the length of the shielding autocorrelatiarcfion is 524.288 ps with a time step of 1 fs, unless stated
otherwise. All relaxation times presented here are caledlbased on the Lorentzian fit of the plateau in the
frequency domain, as explained in the footnotd Table 1 in the article.

¢ R=relativistic, NR=nonrelativistic, C=correlated, NGwmorrelated, RCC = including the coupling between
relativity and correlation. Switch function used alonghwatur best potential, Ref. [15]. Exactly the same
microscopic positional data are used to calculate eacheskf values.

d Ref. [15]. Potential energy resulting from a counterpaiserected CCSD(T)/aug-cc-pVQZ/relativistic large-core
effective core potential calculation featuring core piakaiion corrections as well as bond basis functions.

R, C, RCC: full Eq. (10) of Ref. [19]; R, C: Breit-Pauli perhation theory coupling between relativity and
correlation omitted; R, NC: DHF shielding; NR, C: CCSD(T)edtling; NR, NC: HF shielding. These designations
refer to the inclusion/omission of terms in Eq. (10) of R&DB].

 The seeming discrepancy betwéBrvalues of 4700 s and 4380 s (column 3 of the table) is due tcatttatiat they
correspond to different microscopic positional data urilersame experimental conditions. They reflect the error
margins 680 s at the conditions of this table) involved in the theoattevaluation ofT;.

9 The potential of Ref. [15] fitted to the Lennard-Jones fumwdi form.

h The empirical Aziz-Slaman potential. [16]

11
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Figure 6: Simulated (a) shielding time autocorrelationction (TCF) (length of the analyzed, extended trajectory
is 1048.576 ps), as well as the fitted mono- and biexponeméiehys and (b) the corresponding direct and two ana-
lytically Fourier-transformed spectral density funcBof8DFs) of gaseous Xe at 1 amg and 295 K. The existence of
two dimer species that correspond to different relaxataias is suggested. In (b), the vertical dotted lines depect t
129% e Larmor frequenciesy ~ 6.0x 10° rad/s and 1.810° rad/s By of 8.0 T and 14.1 T, respectively).
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