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Details For Electronic Structure

Following previous work, the TZVP for sulfur, oxygen, carbon and hydrogen and CP(PPP) for
vanadium basis sets in addition to the B3LYP exchange-correlation functional were chosen for
V1-V4 for their ability to predict the correct experimental spin density and hyperfine tensors.!
The computed spin densities for V1-V4 are shown in Fig.

Similarly, for CuS and CuSe the ANO-RCC-DZP for carbon and hydrogen and ANO-RCC-
TZP for copper, sulfur and selenium basis sets with the MO6L exchange-correlation functional were
chosen for their ability to qualitatively reproduce the experimental spin density.® The computed
spin densities using these DFT parameters are plotted in Fig. [2, Computed spin densities at the
metal center and nearest neighbor atoms are tabulated for CuS and CuSe in Table CuSe has
less spin density at the copper metal center as compared to CuS; consequently, the spin density at

the ligand is greater in CuSe than in CuS.

Table S1: Computed spin densities for CuS and CuSe. Spin density for the S/Se ligands is
only shown for one ligand; all four ligands had equivalent spin density for CuS and CuSe.

Cu Ligand

CuS 0.377925  0.162887
CuSe 0.311138 0.173191

V1-V4 each contain one vanadium and 12 distal hydrogen atoms. CuS and CuSe each have
one copper and 8 distal hydrogen atoms. In each set of molecules, the predominant isotopes of
the other nuclei are spin 0. Therefore, for each spin active nuclei hyperfine tensors were computed
as an expectation value over the spin density of the system. Hyperfine tensor calculations were
performed with the ORCA 5 quantum chemistry® software package which computes the hyperfine

tensor as a sum of three different contributions,

AHFC’ = Aiso + Adip + Aorb; (Sl)

where A;,, is an isotropic term resulting from the Fermi contact interaction between an unpaired
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Figure 1: Spin densities computed for V1-V4 using the B3LYP hybrid functional with a TZVP and
CP(PPP) basis set. The electron is localized to the vanadium metal ion.

electron and a nucleus. A;,, can be written for a specific nuclear spin of interest [V as

4

Aiso,N = (§7T<Sz>_1)gegNﬁeﬁNp(N)a (SZ)

S3



Figure 2: Spin densities computed for CuS (top) and CuSe (bottom) using the MO6L functional with
an ANO-RCC-DZP/TZP basis set. The electron is significantly delocalized onto the sulfur/selenium
ligands.

A

where (S.) is the expectation value of the = component of the spin, p(N) is the spin density at the

nuclear spin of interest, and g.gn 3.0y is a proportionality factor. By considering the finite spin
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density at each nuclear spin of interest, this term accounts for splitting of the nuclear energy levels
via the Fermi contact interaction for nuclear spins both proximal and distal to the unpaired electron.

Agip s computed from

SFJ\L 'TTN’V—é 1,7“ e
Adgipy = Py Zpu<¢z| . 5 a [V;), (S3)

4.J Ne

where Py is the proportionality factor defined above, p;; is the spin density matrix element, |1;)
are the basis functions, 7y . is the magnitude of the vector that points from the nuclear spin of
interest to the electron, and 7'y, are vectors between the nuclear spin of interest to the center of the
spin density for a different nucleus p. Taking the expectation value over the spin density amounts
to averaging over the spatial distribution of the electron, accurately accounting for the possibility
of delocalization of the electron onto the surrounding ligands. A, is the spin-orbit coupling

contribution to the hyperfine tensor, and is computed in the following way

Ip;
Aoy = — PNZ (il ), (S4)

where S and I are the spin of the electron and nucleus v, respectively, and hﬁoc is the spin-orbit
coupling operator between the basis functions |¢);). As stated above, implementation of all of these
equations is done in the ORCA 5 quantum chemistry software.*

Using the above equations, hyperfine tensors for V1-V4, CuS and CuSe were computed. As

an example, the hyperfine tensors for one of the most distal nuclear spins in CuS and CuSe are

1.5638  —0.0983 0.0002 1.9716 —0.1144 —0.0087
Apcos = | —0.0879  0.7295  0.0001 | s Ancuse = | —0.1003  1.0259  0.0036 |,
0.0001  0.0002  0.5322 0.0017 —0.0361 0.7705

in units of MHz. The hyperfine tensor can be written as a sum of the isotropic and anisotropic
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terms,

AHFC = Qiso * I+ Aam‘sm (SS)

from which the isotropic Fermi contact constant, a;s,, can be extracted. a;s, for CuS is 0.9435
MH z, while for CuSe it is 1.2695 M H z, indicating the increased delocalization of the electron
spin onto the selenium ligand is enough to alter the hyperfine tensor of the distal hydrogen nuclear

spins considerably via the Fermi contact term.

Master-Equation Cluster-Correlation Expansion (ME-CCE)

To compute the dynamics of the molecular spin systems under consideration, the spin effective
Hamiltonian was used,

H=Hy+ H;, + Hg, (S6)

where Hy is the system Hamiltonian, for a single unpaired electron given by
Hs = —7sBS., (S7)

with vg as the gyromagnetic ratio of the electron, B the magnitude of the external magnetic field
polarized in the z-direction, and S, the spin operator for the electron. The bath Hamiltonian, Hp
is given by

Hp =Y %BL—4Y L.Jyli-+ Y Ji(li L+ L 1), (S8)
i i i#]

where ~; is the gyromagnetic ratio of nucleus ¢, I; are the spin operators for nucleus z, and J;; is
the dipolar coupling between nuclear spins ¢ and j. J;; is defined in detail in the main text, Eq. 3.

The interaction between the electron spin and nuclear spin bath is

Hip =Y S.AilL (S9)
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where A is the hyperfine tensor, computed as described previously. Propagation of the density
matrix by the total Hamiltonian given above allows one to obtain the density matrix at a time of
interest ¢,

p(t) = e p(0)ei ! (S10)

from which coherence of the central electron spin can be extracted by taking the partial trace over
the bath nuclear spins and taking the off diagonal element of the reduced system density matrix,
ps(t), as the coherence;

G(t) = (0lps(£)[1) (S11)

For a large molecular spin system, the propagation of this Hamiltonian is not computationally
tractable. The cluster-correlation expansion (CCE) approach factorizes the spin Hamiltonian into
clusters of nuclear spins in their interaction with the unpaired electron in order to treat large

molecular spin systems.”> In CCE, the coherence function G(#) is computed by

ay= ] Ge, (S12)

cc{1,2,...,N}

where C' is some cluster of nuclear spins in a bath of size N spins. G¢(t) is defined as

gc
Ge(t) = =———, (S13)
HC’CC Gor
where g is computed from
gc = (0lpc(t)[1), (S14)

where pc(t) is obtained by taking the Hamiltonian described above and treating explicitly only the
nuclear spins that are in cluster C', and averaging the remaining nuclear spins. To obtain G¢(t),
the contributions from all subclusters C” that are a part of C' are then divided out. In the limit that
C — N, this becomes the exact coherence function.

The cluster contributions to go can be computed with a closed system propagation according
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to Eq. or with the Lindblad master equation, given in the main text, Eq. 1. In the latter case,
the factorization is referred to as the master-equation cluster-correlation expansion (ME-CCE)

approach, first implemented by Galli et al.®®
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A Term For Each Nuclear Spin Pair

Table S2: Standard deviation of flip-flop rates for nuclear spin pairs in ensemble V1 with A,
and A;;, along with the difference between the two.

Spin Pair A, JA) Difference  Spin Pair  A;; JAY) Difference
(1,2) 0.00  0.02 -0.02 4, 11) 0.00 0.00 -0.002
(1,3) 0.00  0.01 -0.01 4, 12) 0.00 0.00 -0.0026
(1, 4) 0.00  0.06 -0.06 (4, 13) 0.00 0.01 -0.0092
(1,5) 0.00  0.01 -0.01 (5,6) 0.44 1.33 -0.88
(1,6) 0.00  0.02 -0.02 (5,7 0.01 2.49 -2.5
(1,7) 0.00  0.01 -0.01 (5,8) 0.00 0.00 -0.0012
(1, 8) 0.00  0.01 -0.01 (5,9 0.00 0.00 -0.00051
(1,9) 0.00  0.09 -0.09 (5, 10) 0.00 0.00 -0.00024
(1, 10) 0.00  0.01 -0.01 (5, 11) 0.00 0.00 -0.00014
(1, 11) 0.00  0.01 -0.01 (5, 12) 0.00 0.00 -0.0018
(1, 12) 0.00  0.01 -0.01 (5,13) 0.00 0.01 -0.0023
(1, 13) 0.00  0.05 -0.05 (6,7) 2747 10133 -7.4e+01
(2,3) 19.64  67.40 -47.76 (6, 8) 0.00 0.00 -0.0021
(2,4) 0.67 1.82 -1.15 (6,9) 0.00 0.01 -0.0029
(2,5) 0.36 1.56 -1.20 (6, 10) 0.00 0.00 -0.003
(2,6) 0.12 031 -0.20 (6, 11) 0.00 0.00 -0.002
2,7) 0.02  0.08 -0.06 (6, 12) 0.00 0.01 -0.0085
(2,8) 0.00  0.00 -0.00 (6, 13) 0.02 0.05 -0.03
(2,9) 0.00  0.01 -0.01 (7, 8) 0.00 0.00 -0.0012
(2, 10) 0.00  0.00 -0.00 (7,9) 0.00 0.00 -0.0034
(2,11) 0.00  0.00 -0.00 (7, 10) 0.00 0.00 -0.0017
(2,12) 0.00  0.00 -0.00 (7, 11) 0.00 0.00 -0.0017
(2, 13) 0.00  0.00 -0.00 (7, 12) 0.01 0.01 -0.004
(3.4) 0.08  0.84 -0.77 (7, 13) 0.00 0.02 -0.016
(3,5) 0.74  2.38 -1.63 8,9) 520  53.97 -4.9e+01
(3, 6) 075 221 -1.47 (8, 10) 0.64 2.13 -1.5
3,7 0.03  0.17 -0.14 (8, 11) 0.15 2.57 2.4
(3, 8) 0.00  0.00 -0.00 (8, 12) 0.02 0.07 -0.05
(3,9) 0.00  0.00 -0.00 (8, 13) 0.02 0.13 -0.11
(3, 10) 0.00  0.00 -0.00 9, 10) 0.13 0.72 -0.59
(3, 11) 0.00  0.00 -0.00 9, 11) 0.43 2.30 -1.9
(3,12) 0.00  0.00 -0.00 9, 12) 0.05 0.24 -0.2
(3, 13) 0.00  0.01 -0.00 9, 13) 0.16 0.26 -0.1
4,5) 17.83  60.41 -42.58 (10,11) 17.62  36.21 -1.9e+01
(4, 6) 0.15 0.72 -0.57 (10,12)  0.21 1.85 -1.6
4,7 0.66 1.40 -0.74 (10,13)  0.72 3.74 -3.0
4, 8) 0.00  0.00 -0.00 (11,12)  0.27 2.63 2.4
4,9) 0.00  0.01 -0.01 (11,13)  0.06 1.15 -1.1
(4, 10) 0.00  0.00 -0.00 (12,13)  9.39  77.84 -6.8e+01
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Table S3: Standard deviation of flip-flop rates for nuclear spin pairs in ensemble V2 with A,
and A;;, along with the difference between the two.

Spin Pair JAVE Ag Difference  Spin Pair JAVE Ay Difference
(1,2) 0.00 0.00 -0.00 4, 11) 0.00 0.00 -1.1e-05
(1, 3) 0.00 0.00 -0.00 4, 12) 0.00 0.00 -4.3e-05
(1,4) 0.00 0.00 -0.00 (4, 13) 0.00 0.00 -1.1e-05
(1,5) 0.00 0.00 -0.00 (5, 6) 1.71 2.09 -0.38
(1, 6) 0.00 0.00 -0.00 (5,7) 0.34 0.73 -0.39
(1,7 0.00 0.00 -0.00 (5, 8) 0.00 0.00 -1.1e-05
(1, 8) 0.00 0.00 -0.00 (5,9) 0.00 0.00 -4.7e-05
(1,9) 0.00 0.00 -0.00 (5, 10) 0.00 0.00 -6.1e-06
(1, 10) 0.00 0.00 -0.00 (5,11) 0.00 0.00 -1e-05
(1, 11) 0.00 0.00 -0.00 (5,12) 0.00 0.00 -5.5e-05
(1, 12) 0.00 0.00 -0.00 (5, 13) 0.00 0.00 -1.2e-05
(1, 13) 0.00 0.00 -0.00 6,7) 37.17 62.87 -2.6e+01
(2, 3) 11345 125.18 -11.72 (6, 8) 0.00 0.00 -6.2e-07
2,4) 1.69 1.95 -0.26 (6,9) 0.00 0.00 -8.6e-06
(2,5) 0.33 0.70 -0.37 (6, 10) 0.00 0.00 -1.5e-05
(2, 6) 0.09 0.19 -0.10 (6, 11) 0.00 0.00 -1.1e-05
2,7 2.67 5.70 -3.03 (6, 12) 0.00 0.00 -5.5e-05
(2, 8) 0.00 0.00 -0.00 (6, 13) 0.00 0.00 -1.5e-05
2,9) 0.00 0.00 -0.00 (7, 8) 0.00 0.00 -8.1e-06
(2, 10) 0.00 0.00 -0.00 (7,9) 0.00 0.00 -6.5e-05
(2, 11) 0.00 0.00 -0.00 (7, 10) 0.00 0.00 -5.3e-05
(2,12) 0.00 0.00 -0.00 (7, 11) 0.00 0.00 -3.9e-05
(2,13) 0.00 0.00 -0.00 (7, 12) 0.00 0.00 -0.0002
(3,4) 1.72 2.77 -1.05 (7, 13) 0.00 0.00 -5.1e-05
(3,5) 1.62 1.83 -0.22 (8,9) 3447 67.52 -3.3e+01
(3, 6) 0.12 0.14 -0.02 (8, 10) 1.92 2.08 -0.16
(3,7 0.07 0.19 -0.12 (8, 11) 1.93 2.50 -0.57
(3, 8) 0.00 0.00 -0.00 (8,12) 0.08 0.16 -0.083
(3,9 0.00 0.00 -0.00 (8, 13) 0.08 0.09 -0.0094
(3, 10) 0.00 0.00 -0.00 9, 10) 0.28 0.74 -0.46
(3, 11) 0.00 0.00 -0.00 9,11) 1.47 2.01 -0.54
(3, 12) 0.00 0.00 -0.00 9, 12) 1.60 2.41 -0.81
(3, 13) 0.00 0.00 0.00 9, 13) 0.08 0.17 -0.086
4,5) 33.28 44.44 -11.15 (10, 11)  26.97 4792 -2.1e+01
4, 6) 2.21 2.82 -0.60 (10, 12) 0.32 0.91 -0.59
4,7) 1.32 1.67 -0.35 (10, 13) 2.40 2.68 -0.28
4, 8) 0.00 0.00 -0.00 (11, 12) 1.81 2.24 -0.43
4,9) 0.00 0.00 -0.00 (11, 13) 1.82 2.88 -1.1
4, 10) 0.00 0.00 -0.00 (12,13) 36.04 6227 -2.6e+01
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Table S4: Standard deviation of flip-flop rates for nuclear spin pairs in ensemble V3 with A,
and A;;, along with the difference between the two.

Spin Pair JAVY Ay Difference  Spin Pair JAVE Ag Difference

(1,2) 0.00 0.00 -0.00 4,11) 0.00 0.00 -5e-08
(1, 3) 0.00 0.00 -0.00 4, 12) 0.00 0.00 -2e-07
(1,4) 0.00 0.00 -0.00 4, 13) 0.00 0.00 -5.9e-07
(1,5) 0.00 0.00 -0.00 (5, 6) 1.70 1.77 -0.07
(1,6) 0.00 0.00 -0.00 5,7) 1.01 1.07 -0.059
(1,7) 0.00 0.00 -0.00 5, 8) 0.00 0.00 -5.8e-07
(1, 8) 0.00 0.00 -0.00 5,9) 0.00 0.00 -1.1e-07
(1,9) 0.00 0.00 -0.00 5, 10) 0.00 0.00 -1.3e-07
(1, 10) 0.00 0.00 -0.00 (5, 11) 0.00 0.00 -2.1e-08
(1, 11) 0.00 0.00 -0.00 5, 12) 0.00 0.00 -1.6e-07
(1, 12) 0.00 0.00 -0.00 5, 13) 0.00 0.00 -7.4e-07
(1, 13) 0.00 0.00 -0.00 (6,7) 52.76  60.35 -1.6
(2,3) 60.04 61.87 -1.82 (6, 8) 0.00 0.00 -2e-06
(2,4) 2.49 2.50 -0.01 (6,9) 0.00 0.00 -1e-07
(2,5) 0.69 0.74 -0.05 (6, 10) 0.00 0.00 -1.7e-07
(2,6) 0.13 0.15 -0.01 (6,11) 0.00 0.00 -2.2e-07
(2,7) 241 2.48 -0.08 (6, 12) 0.00 0.00 -7.7e-08
(2, 8) 0.00 0.00 -0.00 (6, 13) 0.00 0.00 -4.1e-07
(2,9) 0.00 0.00 -0.00 (7, 8) 0.00 0.00 -5.6e-07
(2, 10) 0.00 0.00 -0.00 (7,9) 0.00 0.00 -9.6e-07
(2,11) 0.00 0.00 -0.00 (7, 10) 0.00 0.00 -1.1e-06
(2,12) 0.00 0.00 -0.00 (7, 11) 0.00 0.00 -2.2e-06
(2,13) 0.00 0.00 -0.00 (7, 12) 0.00 0.00 -8.5e-07
(3.,4) 2.63 2.65 -0.02 (7, 13) 0.00 0.00 -4.2e-07
(3,5) 1.77 1.80 -0.02 8,9 56.79 62.64 -5.9
(3,6) 0.10 0.11 -0.00 (8, 10) 0.75 1.27 -0.51
(3,7) 0.15 0.17 -0.02 (8, 11) 1.81 1.87 -0.064
(3, 8) 0.00 0.00 -0.00 (8, 12) 0.13 0.15 -0.024
(3,9) 0.00 0.00 -0.00 (8, 13) 2.88 2.89 -0.014
(3, 10) 0.00 0.00 -0.00 9, 10) 224 2.61 -0.37
(3,11) 0.00 0.00 -0.00 9, 11) 242 2.44 -0.022
(3, 12) 0.00 0.00 -0.00 9, 12) 0.08 0.08 -0.00045
(3, 13) 0.00 0.00 -0.00 9, 13) 0.14 0.18 -0.04
“4,5) 46.27 47.55 -1.28 (10, 11)  48.78 50.55 -1.8
4, 6) 292 2.94 -0.02 (10, 12) 1.78 1.92 -0.14
“4,7) 2.13 2.15 -0.01 (10, 13) 0.87 0.95 -0.075
4, 8) 0.00 0.00 -0.00 (11, 12) 249 2.51 -0.022
4,9) 0.00 0.00 -0.00 (11, 13) 2.16 2.17 -0.013
4, 10) 0.00 0.00 -0.00 (12,13) 6196 8137  -1.9e+01
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Table S5: Standard deviation of flip-flop rates for nuclear spin pairs in ensemble V4 with A,
and A;;, along with the difference between the two.

Spin Pair JAVY Ay Difference  Spin Pair JAVE Ag Difference

(1,2) 0.00 0.00 -0.00 4,11) 0.00 0.00 -4.2e-08
(1, 3) 0.00 0.00 -0.00 4, 12) 0.00 0.00 -5.3e-08
(1,4) 0.00 0.00 -0.00 4, 13) 0.00 0.00 -6.6e-08
(1,5) 0.00 0.00 -0.00 (5, 6) 1.70 1.70 -0.0011
(1,6) 0.00 0.00 -0.00 5,7) 0.72 0.76 -0.041
(1,7) 0.00 0.00 -0.00 5, 8) 0.00 0.00 -1.8e-07
(1, 8) 0.00 0.00 -0.00 5,9) 0.00 0.00 -1.3e-07
(1,9) 0.00 0.00 -0.00 5, 10) 0.00 0.00 -6.5e-08
(1, 10) 0.00 0.00 -0.00 (5, 11) 0.00 0.00 -7.2e-08
(1, 11) 0.00 0.00 -0.00 5, 12) 0.00 0.00 -6.4e-08
(1, 12) 0.00 0.00 -0.00 5, 13) 0.00 0.00 -9.3e-08
(1, 13) 0.00 0.00 -0.00 (6,7) 93.47 95.49 -2.0
(2,3) 46.39 47.57 -1.18 (6, 8) 0.00 0.00 -9.3e-08
(2,4) 1.62 1.60 0.02 (6,9) 0.00 0.00 -5.6e-08
(2,5) 0.79 0.80 -0.01 (6, 10) 0.00 0.00 -2.7e-08
(2,6) 0.14 0.16 -0.02 (6,11) 0.00 0.00 -1.6e-08
(2,7) 2.11 2.26 -0.14 (6, 12) 0.00 0.00 -3.6e-09
(2, 8) 0.00 0.00 -0.00 (6, 13) 0.00 0.00 -3.2e-08
(2,9) 0.00 0.00 -0.00 (7, 8) 0.00 0.00 -9.2e-08
(2, 10) 0.00 0.00 -0.00 (7,9) 0.00 0.00 -4.4e-08
(2,11) 0.00 0.00 -0.00 (7, 10) 0.00 0.00 -2.3e-08
(2,12) 0.00 0.00 -0.00 (7, 11) 0.00 0.00 9.7e-10
(2,13) 0.00 0.00 -0.00 (7, 12) 0.00 0.00 -1.8e-08
(3,4) 245 245 -0.00 (7, 13) 0.00 0.00 -4.6e-08
(3,5) 2.02 2.09 -0.07 8,9 63.30 67.35 -4.1
(3,6) 0.08 0.08 -0.00 (8, 10) 0.17 0.19 -0.024
(3,7) 0.16 0.17 -0.00 (8, 11) 0.10 0.10 -0.0033
(3, 8) 0.00 0.00 -0.00 (8, 12) 2.25 2.24 0.0062
(3,9) 0.00 0.00 -0.00 (8, 13) 1.61 1.74 -0.13
(3, 10) 0.00 0.00 -0.00 9, 10) 3.40 3.46 -0.063
(3,11) 0.00 0.00 -0.00 9, 11) 0.15 0.17 -0.016
(3, 12) 0.00 0.00 -0.00 9, 12) 2.03 2.16 -0.13
(3, 13) 0.00 0.00 -0.00 9, 13) 0.78 0.81 -0.027
“4,5) 7497 78.35 -3.38 (10, 11) 5098 54.84 -3.9
4, 6) 2.95 3.09 -0.14 (10, 12) 1.76 1.81 -0.052
“4,7) 1.52 1.52 0.01 (10, 13) 0.71 0.71 -0.0085
4, 8) 0.00 0.00 -0.00 (11, 12) 3.45 3.46 -0.018
4,9) 0.00 0.00 -0.00 (11, 13) 2.01 2.05 -0.042
4, 10) 0.00 0.00 -0.00 (12, 13) 4791 48.04 -0.13
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Fitting Function for Simulated Data
The fitting function used to extract 7, decay constants from spin dynamics simulations is given by

—T 2T

C(r) = A(1 = Beos(wr + d)ewp(—))exp(~(7

)%, (S15)

where A is the amplitude of oscillation, B is the amplitude of the underlying oscillations, w is the
frequency of the underlying oscillations, 7 is the time during the propagation, d is a phase factor,
T, the overall decay constant, 7). the decay constant for the underlying oscillatins, and ¢ is the

stretch factor of the exponential decay. "
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