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Synthesis

Commercially available metallic precursors, reagents and solvents were used with no further
purification and the synthesis were performed in air unless otherwise stated. 'H and °C NMR
spectra were recorded on a Bruker AM-400 spectrometer at 303 K at the UC Berkeley College of
Chemistry Nuclear Magnetic Resonance Facility or on a Bruker Avance III HD 500 MHz at the
Centre Régional de Mesures Physiques de 1'0Ouest. High resolution mass spectra were recorded on
a Thermo Fisher Scientific Q-exactive instrument working under positive electrospray ionization
mode or Bruker Maxis 4G at the Centre Régional de Mesures Physiques de 1'Ouest. Elemental
analysis were obtained on a Perkin Elmer 2400 Series II combustion analyser at the UC Berkeley
College of Chemistry Microanalytical Facility or a Flash 1112 Thermo Fischer analyser at the
Centre Régional de Mesures Physiques de 1'Ouest.
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Figure S1. 'H NMR spectrum of BTP1, in CDCls.
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Figure S2. 1°C NMR spectrum of BTP1, in CDCls.
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2,3-bis(2,5-dimethylthiophen-3-yl)pyrazine, BTP2,. In a Schlenk tube were degassed under
vacuum for 1 hour, 2,5-dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene' (500
mg, 2.4 mmol), 2,3-dichloropyrazine (139 mg, 0.8 mmol), Pdx(dba); (73 mg, 0.08 mmol),
tricyclohexylphosphonium tetrafluoroborate (59 mg, 0.16 mmol), cesium fluoride (1.09 g, 7.17
mmol) and potassium carbonate (40 mg, 0.29 mmol). The solids were then dissolved in a mixture
of toluene (20 mL) and water (5 mL), previously degassed by argon bubbling. The resulting
reaction mixture was refluxed for 48 h and then cooled to room temperature. After the addition of
water (50 mL) extraction with ethyl acetate (2X50 mL) was performed. The organic phase was
filtered through a plug of celite. The celite cake was washed several times with ethyl acetate and
the combined organic phases were evaporated under reduced pressure. The obtained brown oil was
purified by column chromatography (silica, petroleum ether —acetone (5%)). At this stage a
mixture of 2,3-bis(2,5-dimethylthiophen-3-yl)pyrazine, 2- (2,5-dimethylthiophen-3-yl)pyrazine
and dba was isolated (240 mg). After a second column chromatography (silica, petroleum ether —
acetone (1 -> 8%)), the product was isolated as a beige solid (66 mg, 0.22 mmol, 28 %). '"H NMR



(400 MHz, CDCl3): 0 8.53 (s, 2H), 6.52 (s, 2H), 2.38 (s, 3H), 2.15 (s, 3H). Full characterization of
this compound is published elsewhere.?

Single Crystal XRD Studies

Details concerning the data collection and refinement can be found in the corresponding cif files
and can be requested from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Table S1. Crystal data and structure refinement parameters for BTP1o, 1Yo and 1Dy,

BTP1, 1Y, 1Dyo
CCDC deposition number 1999031 1999032 1999381
Formula C2oHisNeS2 | Cs2H22Y2F36N6012S2 | Cs2H22Dy2F36N6012S2
FW 428.53 1848.69 1995.86
Cryst. Syst. Monoclinic | Monoclinic Monoclinic
Space group P2/c C2/c C2/c
a(A) 6.5950(4) 15.0886(6) 15.1087(19)
b (A) 9.5775(6) 22.5029(9) 22.719(3)
c(A) 16.1965(10) | 19.1937(7) 19.314(2)
a(®) 90 90 90
B (°) 97.021(3) 92.886(2) 92.666(5)
v (%) 90 90 90
V (A%) 1015.36(11) | 6508.7(4) 6622.4(14)
Z 2 4 4
Dca (g.cm™) 1.402 1.887 2.002
T (K) 100 K 100 K 150 K
Final R (I > 20) 0.0301 0.0282 0.0697
Ry (all) 0.0812 0.0681 0.1710

The Continuous shape measures calculation performed on 1Dy, indicates a spherical capped
square antiprism (0.876) rather than a muffin (1.042), a spherical tricapped trigonal prism (1.663)
or a capped square antiprism J10 (2.091) geometry.

Photoisomerization

UV-vis irradiations were performed in quartz UV cells with fluorescent tubes used for TLC
illumination.


http://www.ccdc.cam.ac.uk/data_request/cif
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Figure S3. Electronic Absorption spectra of BTP1o (solid line) and BTP2 (dotted line) in
acetonitrile. No modifications of the spectra were observed upon 254 nm or 365 nm irradiation.
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Figure S4. Electronic absorption spectra of 1Yo (black line) in dichloromethane. The green spectra
correspond of the evolution of 1Y¢ with time after 365 nm irradiation of the solution of 1Yo. The
inset show the corresponding decrease of the absorbance at 718 nm. Exponential fitting of this
curve provides a half-life of 53 s at room temperature (around 26 °C).
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Figure S5. Evolution of the absorbance at 718 nm with time after UV irradiation generating 1Y«
and 1Dy. (the temperature of the room was 28 °C). Exponential fitting of the curves provide half-
life values written on each curve.

Photoisomerization studied by NMR spectroscopy

Photoirradiation was carried out directly into the NMR tube in a home-built apparatus. The
emission spectrum of a 1000 Watt Xe-Hg high-pressure short-arc lamp (Newport), filtered by a
band-pass glass filter (Lot Quantum Design 011FG09 : 259 <A <388 nm with Amax = 330 nm and
T =79 %) or a heating absorbing glass filter (Lot Quantum Design KG1 : 300 < A < 800 nm) and
interferential filter (A =313 nm and T =17 %, A =365 nm and T = 30 %) was focused on the end
of a silica light-pipe (length 6 cm, diameter 8 mm), leading the light to the spinning sample tube,
inserted in a quartz dewar. The temperature of the sample was controlled with a variable
temperature unit (B-VT1000-Bruker, over a range of 123 to 423 K). After irradiation, the NMR
sample tube was rapidly transferred to the NMR probe where experiments were acquired.

To follow the time-evolution of concentrations, the NMR irradiated sample was kept in the
spectrometer at controlled temperature and '"H NMR spectra were recorded at regular time intervals
for a long period. In each recorded spectrum, well-resolved signals characteristic of each
compound were integrated and the sum was normalized to the value of 100 % or to the initial value
of concentration in mol L' (mass balance respected).
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Figure S6. Evolution of the 'H NMR spectrum of BTP10 in CD>Cl, (a) upon 313 nm irradiation
at 223 K for 3 min (b), 8 min (¢) and then resting at 40 min at 223 K (d).

Magnetometry

Sample preparation

Since 1Dye. is not stable at room temperature, we set up a procedure to prepare it by UV irradiation
at low temperature. The conditions for irradiation were optimized on the diamagnetic 1Y, analog
to allow a precise estimation of the photoconversion by proton NMR and then the exact same
procedure was followed with the 1Dyo complex. The low volume of the NMR sample and limited
solubility of the compound in dichloromethane explain that only small amounts of compound can
be prepared by this method.

Preparation of 1Yc¢': 4.0 mg of 1Y, was placed in a thin wall precision NMR tube together with 0.7
mL of CD>Cl,. Under argon, it was cooled down in an acetonitrile/dry ice bath (-41°C or 269 K).
At this temperature, the half-life calculated with the parameters extracted from the NMR study is
over 300 h. The bath and NMR tubes were placed in an illumination chamber (Luzchem) and
irradiated at 365 nm (1638 lux) for 20 min. The solution turned dark green. The tube was then
placed at 77 K for transport and then transferred to the NMR spectrometer already set to a
temperature of 250 K. The temperature was stabilized at 250 K and the '"H NMR spectrum was
measured. It showed a conversion of 91 % based on the relative integration of the thiazole methyl
groups of each compound (see Figure S7).
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Figure S7. 'H NMR spectrum of 1Y in CD,Cl, prepared as described in the text, in green are
shown the signals of the closed isomer.

Preparation of 1Dy.": 3.9 mg of 1Dy, was placed in a thin wall precision NMR tube together with
0.8 mL of CD>Cl>. Under argon, it was cooled down in an acetonitrile/dry ice bath (-41°C or 269
K). The bath and NMR tubes were placed in an illumination chamber and irradiated for 20 min.
The color became dark green. The solvent was then evaporated under reduced pressure, still at low
temperature and the tube was then flame sealed. The tube was then placed at 77 K for transport
and then transferred to the SQUID magnetometer already set to a temperature of 10 K. It is
assumed that the photoconversion reached 90 % as in the case of the yttrium analog.

When the SQUID measurement was done, the tube was kept at room temperature for several days
and the solid became white. It (1Dy¢') was submitted to the same magnetic measurement.

Fitting procedure of the relaxation times

The temperature dependence of the relaxation time is analyzed using the general equation:
S | -1 -1 -1

T = Tdirect T Ttunnel T TRaman T TOrbach (1)

In this equation, each term relates to a different mechanism for relaxation, namely direct relaxation,

quantum tunneling of magnetization, Raman relaxation and Orbach mechanism that have different
temperature dependence as follow.

T-lz Tdirect-1+ 'L'tunnel-1 + BT" + TO-leXp('Ueff/ kBT) (2)



Generally, to improve the SMM behavior, the overall relaxation time should be maximized,
meaning that all four contributions in equation (2) should tend to 0 and specifically for the Orbach
contribution, the value of the effective energy barrier to thermal relaxation Uesr should be
maximized. To decipher the differences in the magnetic behavior of the closed and open
complexes, we have tried to analyse in detail the importance of these different contributions for
each sample. First, the field dependence of t! , that in principle should provide the Tgirect
contribution, could not be fitted considering the usual equations and we could not extract
meaningfull parameter this way (Figure S13). Similarly, and for all three samples, the Arrhenius
plots shown on Figure 8 show that neither pure Orbach regime (linear behavior at high
temperatures) nor tunnel regime (temperature independent behavior at low temperature) could be
observed. Given the numbers of parameters in equation (2), and to avoid over-parametrization, we
have first fitted 1Dyo whose high temperature behavior is the closest to a pure Orbach regime,
wiith direct, quantum tunneling and Raman contributions fixed to 0. The fit above 7 K provides
Uetr= 79.78 + 10 K and 10=1.67+ 1.50 10? s. These values are not fully consistent with ab-initio
calculations for which ground state and first excited states are separated by =27 K or = 60 K when
XRD and optimized structures are considered respectively. In addition, we could not obtain a
reliable fit on the whole temperature range with these Orbach parameters fixed trying to optimize
the parameters for the three other regimes.

Alternatively, better fits can be found using either Orbach (free parameters), Raman and quantum
tunneling contributions or Raman and quantum tunneling contributions (Figure S14). Fitting errors
(R? and y*/goof values) do not provide a significant hint to choose for one or another solution
(Table S2). Similar statement can be made for the other two samples, 1Dy and 1Dye. These
findings illustrate why relaxation times fitting has to be made with caution when pure regimes are
not clearly reached, as we already observed on photoconverted compounds.>* In our particular
case we propose to consider a relaxation via Raman and quantum tunneling regimes because the
parameters are more consistent with values reported in the literature (1Dyo: B=0.110 + 0.005 s™!
K1, n=6.03 + 0.06, Twn= 0.190 £ 0.003 s; 1Dyc: B=6.71 £ 0.60 s K'!, n=3.49 + 0.07, Twn= 9.3
+0.26 102 s; 1Dyo: B=0.61+ 0.05 s! K!, n=4.85 + 0.08, Tun=41 £ 0.8 107 5).5°



Table S2. Table of dynamic magnetic relaxation parameters extracted for 1Dye, 1Dyc’and 1Dy’
(Hge = 1200 Oe).

1Dyo
Relaxation Regime
Orbach + Raman + Tunnel Raman + Tunnel
Values Errors Values Errors
70 (s) 1,00 10” 3,50 10° - -
Uerr (K) 23,35 1 - -
B (s'.K" 0,28 0,16 B (s".K" 0,11 0,005
n 4,68 0,78 n 6,03 0,06
Trunnel (8) 0,22 0,03 Trunnel (S) 0,19 0,003
R? 0,99998 R? 0,99997
¥/ goof 3,29 10° ¥’/ goof 4,57 10°
1Dy’
Relaxation regimes
Orbach + Raman + Tunnel Raman + Tunnel
Values Errors Values Errors
O] 1,40 10* 3,00 10° - - -
Uer (K) 13,04 0,3 - - -
B (s'.K" 0,03 0,03 B (s".K" 0,61 0,05
n 6,44 0,74 n 4,85 0,08
Trunnel (S) 0,034 5,00 10 Trunnel (S) 0,041 8,00 10*
R? 0,99998 R? 0,99989
¥/ goof 3,14 10" ¥*/goof 1,29 10°®
1Dy¢’
Relaxation regimes
Orbach + Raman + Tunnel Raman + Tunnel
Values Errors Values Errors
7 (s) 4,84 103 1,40 10° - -
Ut (K) 341 8,64 - -
B (s'.K" 3,95 331 B (K" 6,71 0,6
N 3,8 0,45 n 3,49 0,07
Trunnel (8) 0,011 9,00 107 Trunnel (S) 9,30 107 2,60 10*
R® 0,99983 R? 0,99978
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Table S3. Relaxation times extracted for 1Dyo with Hgqc = 1200 Oe.

T(K) T (1) TX) T (us)
1.8 109727 5 637
1.9 94225 5.5 377
2 80370 6 238
2.5 30642 6.5 155

3 10946 7 100
35 5003 7.5 65

4 2399 8 40
4.5 1169 8.5 18

Table S4. Adiabatic (ys), isothermic (r) susceptibility values and relaxation times distribution (o)

extracted for 1Dyo with Hae = 1200 Oe.

T(K) xs xT o R?

1.8 0.742 12.286 0.198 0.995
1.9 0.706 11.775 0.206 0.994
2 0.676 11.279 0.210 0.993
2.5 0.574 9.203 0.185 0.988
3 0.508 7.596 0.126 0.944
35 0.456 6.634 0.0929 0.985
4 0.424 5.889 0.0813 0.984
4.5 0.432 5.259 0.0493 0.999
5 0.409 4.764 0.0481 0.999
5.5 0.432 4.334 0.0297 0.999
6 0.400 3.989 0.0379 0.999
6.5 0.489 3.684 0.0180 0.998
7 0.459 3.433 0.0260 0.999
7.5 0.477 3.219 0.0331 0.999
8 0.632 3.015 0.0195 0.997

Table SS. Relaxation times extracted for 1Dye with Hge = 1200 Oe.

T(K) T(us) R? T(K) T(us) R?

1.8 6278 0.99845 6 269 0.99254
1.9 5927 0.99732 6.5 201 0.99664
2 5434 0.99696 7 182 0.99308
2.5 3644 0.99692 7.5 138 0.99323
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3 2425 0.99271 8 179 0.99665
3.5 1621 0.99124 8.5 111 0.99543
4 1034 0.97770 9 124 0.99381
4.5 691 0.98950 9.5 84 0.99490
5 485 0.99169 10 171 0.99849
5.5 292 0.98431 10.5 187 0.99514

Table S6. Adiabatic (ys), isothermic (r) susceptibility values and relaxation times distribution (o)

extracted for 1Dy with Hae = 1200 Oe.

T(K) xS xT o R?

1.8 0.8822 14.6546 0.464 0.99812

1.9 0.9674 14.2268 0.453 0.99520

2 0.9449 13.7619 0.451 0.99534

2.5 1.0680 11.6996 0.423 0.99193

3 1.1103 10.0878 0.933 0.97677

3.5 1.1662 9.0360 0.402 0.99234

4 1.1172 7.9701 0.388 0.98799

4.5 1.2878 7.0999 0.360 0.99014

5 1.4058 6.4222 0.343 0.99526

5.5 1.4417 5.8275 0.326 0.98871

6 1.6783 5.3452 0.293 0.99317

6.5 1.7656 4.9525 0.287 0.99371

7 2.0051 4.6096 0.254 0.98750

7.5 2.0736 4.3249 0.259 0.97811

8 2.1841 4.0737 0.272 0.96108

8.5 2.3040 3.8278 0.250 0.97567

9 2.2979 3.6157 0.247 0.97792
Table S7. Relaxation times extracted for 1Dyo' with Hge = 1200 Oe.

T(K) T(us) R? T(K) T(us) R?

1.8 28319 0.98858 6 278 0.99683

1.9 26161 0.98692 6.5 224 0.99926

2 23992 0.98919 7 155 0.99941

2.5 12915 0.98811 7.5 108.2 0.99926

3 6576 0.98760 8 94.4 0.99951

12



3.5 3602 0.99143 8.5 59.02 0.99942
4 1974 0.99393
4.5 1095 0.99570
5 670 0.99655
5.5 457 0.99848

Table S8. Adiabatic (ys), isothermic (r) susceptibility values and relaxation times distribution (o)
extracted for 1Dye with Hae = 1200 Oe.

T(K) xS xT o R?

1.8 0.71638 8.06185 0.238 0.96706
1.9 0.70064 7.82713 0.232 0.95880
2 0.66946 7.61158 0.244 0.96267
2.5 0.58075 6.4750 0.2266 0.96007
3 0.51019 5.53743 0.207 0.9622
3.5 0.45084 4.92881 0.203 0.97699
4 0.4747 4.35148 0.176 0.98464
4.5 0.39615 3.88445 0.180 0.99296
5 0.47408 3.4703 0.142 0.99692
5.5 0.48486 3.15085 0.126 0.99438
6 0.40665 2.88605 0.131 0.99319
6.5 0.55657 2.66803 0.095 0.99553
7 0.41255 2.50618 0.152 0.99484
7.5 0.32858 2.35816 0.179 0.98486
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Figure S8. Temperature dependence of 1Dyo measured with a static magnetic field of 1000 Oe. In
inset, field dependence of the magnetization measured at 2K.
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Table S2.
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Computational Details
Ligand

The DFT calculations on the ligand have been performed with the Gaussian 16.A03 suite of
program,’ using default procedure, algorithms and thresholds, but for what is noted below. Our
calculations consisted in conformational search (full optimizations starting from several
chemically-intuitive conformers) though geometry optimizations performed with the so-called
tight threshold (rms forces < 1 x 107 au) followed by analytic Hessian calculations, and search for
the thermal transition state, the latter being performed in the so-called broken-symmetry (BS) DFT
approach to allow the suitable modelling of the single-bond breaking. We used the ®B97X8
functional and the 6-311G(d,p) basis set for all our calculations and applied tightened SCF
convergence threshold (1 x 107'° au) and the ultrafine integration grid throughout. The solvent
effects were accounted for using the well-known Polarizable Continuum Model (PCM,
acetonitrile).” The optimal structures are displayed in Figure S15, whereas Table S9 gives the
relative energies and Boltzmann weight.

Table S9. Nature, symmetry and relative free energies (w.r.t. the most stable structure) for the
DFT computed conformation of ligand. On the right-hand side, we provide the Boltzmann
population at RT. See Figure S15 for representation.

Conf. Nature Symmetry AG (kcal.mol!) | %age (RT)
API Anti-P C 11.82 0.0
AP2 Anti-P G 2.47 1.4
AP3 Anti-P Ci 6.69 0.0
Pl P Ci 10.32 0.0
P2 P Ci 1.25 10.6
P3 P Ci 5.93 0.0
P4 P Ci 5.22 0.0
PS5 P C 8.66 0.0
P6 P C 0.00 88.0
P7 P Ci 4.17 0.0
CLI Closed C 44.05 --
CL2 Closed C 35.71 --
CL3 Closed C 39.35 --

21
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Complexes

The multi-configurational calculations were performed on the crystal XRD structure of 1Dy
(labeled 1Dyo-XRD) and on optimized structures of both the open and closed forms, namely 1Dyeo-
DFT and 1Dy-DFT, respectively. The structure optimizations were carried out at the Kohn-Sham
density functional theory (DFT) level with the Amsterdam Density Functional (ADF!%-12) software
package. In these calculations, the Dy** centers were replaced by Y** centers, which allows to treat
properly the dimers with DFT as closed-shell systems. Additionally, it is worth mentioning that in
a coordination 9, the ionic radius of the Y>* ion is closer to the one of Dy** than those of La*" of
Lu**".!® The scalar all-electron zeroth-order regular approximation (ZORA'#) was employed for the
treatment of the scalar relativistic effects. The PBE!>!¢ functional (Perdew-Burke-Ernzerhof) from
the generalized gradient approximation, was used along with the triple- polarized Slater-type
orbital (STO) all-electron basis set with one set of polarization function for all atoms (TZP'7). The
resulting optimized structures are shown in Figure S16. It worth mentioning that the optimized
open structure was calculated lower in energy by 1.040 eV (100.4 kJ.mol!) than the optimized
closed structure.

Figure S16. (left) Optimized structure of 1Dyo-DFT, (middle) optimized structure of 1Dy.-DFT,
(right) overlay of the optimized structure of 1Dyo.-DFT (orange) and the crystal XRD structure of
1Dyo-XRD (blue).

The Continuous shape measures calculation performed on 1Dy.-DFT indicates a muffin (0.96)
rather than a spherical capped square antiprism (1.18), a spherical tricapped trigonal prism (1.75)
or a capped square antiprism J10 (2.46) geometry.

The Continuous shape measures calculation performed on 1Dy,-DFT indicates a muffin (1.29)
rather than a spherical capped square antiprism (1.64), a spherical tricapped trigonal prism (1.89)
or a capped square antiprism J10 (2.83) geometry.
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Figure S17. (left) Calculated magnetic susceptibility times temperature (3T in cm® K mol™') as a
function of the temperature for the open and closed forms of 1Dye. (right) Calculated
magnetization (M in uB) as a function of the magnetic field.

Table S10. Calculated relative energies (AE in cm™) and EPR g-factors for the lowest Kramer
doublet states deriving from the *His> level of the Dy** ion in 1Dyo-XRD, 1Dyo-DFT and 1Dy.-
DFT.

1Dyo-XRD @ 1Dyo-DFT® 1Dy-DFT®

AE g1 f24) 23 AE g1 f24) 23 AE gl 2 23

GS 0 0.12 055 1889 0 002 005 1940 O 0.08 0.15 19.25
ES1 39  0.05 039 1867 87 147 427 1488 66 0.78 147 17.58
ES2 89  0.67 1.04 17.09 108 0.85 292 16.22 101 080 2.19 15.65
ES3 137 3.60 4.63 1092 125 138 747 893 128 3.01 6.09 10.11
ES4 175 045 426 1339 169 240 399 1025 179 245 290 10.44
ES5 211 346 391 1079 215 1.05 122 1626 233 036 044 16.01
ES6 296 1.04 134 1633 267 040 046 17.06 290 023 027 17.07
ES7 434 0.06 0.08 19.49 429 0.00 0.01 19.56 469 0.00 0.00 19.65

(a) XRD structure. (b) Optimized structure.

The wavefunction theory (WFT) calculations were performed with the help of the Molcas 8.2 and
OpenMolcas software packages.'® In these calculations, the complete active space self-consistent
field"” (CASSCF) approach was used to treat the static correlation effects arising from the partially
filled 4f shell of the Dy** ion. The second-order Douglas-Kroll-Hess?**?*scalar relativistic (SR)
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Hamiltonian was used to treat the scalar relativistic effects in combination with the all-electron
atomic natural orbital relativistically contracted (ANO-RCC) basis set from the Molcas library.?+
26 The basis sets were contracted to the triple- plus polarization (TZP) quality for the Dy, N and
O atoms (Dy = 25s22p15d11f4g2h/8s7p4d3f2glh; N, O = 14s9p5d3f2g/4s3p2d1f), and to the
double-{ quality for the H, C and F atoms (H = 8s4p3d1{/2s ; C = 14s9p5d3f2g/3s2p, F =
14s9p5d312g/3s2p,). The calculations employed the state-averaged formalism at the SR level by
taking into account the 21 sextet, the 224 quartet and the 490 doublet spin states arising from the
9 electrons spanning the seven 4f orbitals (i.e. CAS(9,7)). The spin-orbit coupling (SOC) was then
introduced within a state interaction among the basis of calculated SR states using the restricted
active space state interaction (RASSI) approach.?’” Herein the SOC matrix is diagonalized using
the calculated 21 SR sextet, 224 SR quartet and the 98" lowest SR doublet spin states. The EPR
g-factors were calculated according to reference’® as implemented in the RASSI module of
Molcas, whereas the magnetic susceptibility and magnetization calculations were performed using
the Single-Aniso and Poly-Aniso modules of Molcas as detailed in reference?’.
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