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Table S1. Relevant HOMO energy (eV) and relative angels A (°) of [Ruz(4-F-2-OHArCO»)4(THF):],
where Af is defined by the angle formed between the plane defined by Ca—Ca—O atoms and the
plane defined by Ca—O-H atoms in Ar—O-H group. Since the homoleptic complex contains two
independent benzoate ligands, in the "both" condition, the A value for both benzoate ligands is
changed simultaneously, while in the "Bz1" and "Bz2" conditions, the A# value is changed only for
one of the benzoate ligands.

N HOMO energy / eV
Bzl Bz2 Both

0 —4.99220 —4.99220 —4.99220
30 —4.92717 —4.90622 —4.84118
60 —4.79111 —4.76499 —4.56417
90 —4.65859 —4.63628 —4.30403
120 —4.56199 —4.55002 —4.12171
150 —4.51192 —4.50947 —4.03110
180 —4.49396 —4.50022 —4.00334
210 —4.50784 —4.52390 —4.04117
240 —4.55138 —4.57968 —4.14049
270 —4.64090 —4.68036 —4.32961
300 —4.77152 —4.81098 —4.59029
330 —4.91411 —4.94050 —4.86241
360 —4.99220 —4.99220 —4.99220
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Figure S1. (a) TGA profiles of 1-3Ani with a heating rate of 5 K min!. (a) TGA profiles of 1-2Ani

with a temperature of 299 K maintained for 10 minutes, followed by heating initiation at a rate of 5

K min!,

S4



(BTDA-TCNQ)° (BTDA-TCNQ) "~
2223

2196 2169
— 2239 D108 1-reAni
S5 2171
W J\
2 2224 2197 ..,
< 2240

2223
2196
2239 2170 4_3Ani

2075 2250 2225 2200 2175 2150 2125
Wavenumber / cm™

Figure S2. Infrared (IR) spectra of 1-3Ani (red), 1-2Ani (orange), 1 (blue), and 1-reAni (pink) in the
C=N stretching region.
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Figure S3. Raman spectra of the original neutral BTDA-TCNQ (black), Li"(BTDA-TCNQ)~ (green),
1-3Ani (red), 1-2Ani (orange), 1 (blue), and 1-reAni (pink) in the wavenumber range of 2500—1000
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Figure S4. Experimental (color) and simulated (black) PXRD pattern of 1-3Ani (red), 1-2Ani
(orange), 1 (blue), and 1-reAni (pink).
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Figure S5. In-suit PXRD pattens for 1-3Ani during desolvation process. where the fresh sample was
evacuated for 24 h at 373 K and then evacuated for 24 h at 393 K. The peak shifts of 1-3Ani during
the heating process and of 1 during the cooling process were also recorded. The 1-3Ani calc., 1-2Ani
calc., and 1 calc. were simulated patterns obtained from respective single-crystal X-ray

crystallography.
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Table S2. Crystallographic data for 1-3Ani, 1-2Ani, and 1.

1-3Ani 1-2Ani 1 1-reAni
Empirical formula Cs9Hs6FsNsO27Ru4S2 Cs2HasFsNsO26Ru4S2 CesH32F3NgO24Ru4S» CsoHs6F3NgO27Ru4S
Formula weight 2289.81 2181.68 1965.41 2289.81
Temperature / K 102 102 102 102
Crystal system triclinic triclinic triclinic triclinic
Space group P-1 P-1 P-1 P-1
alA 10.3575(5) 10.3301(4) 10.4147(3) 10.4064(5)
b/A 13.1766(8) 12.6888(4) 11.9786(3) 13.2309(5)
cl/A 15.9839(8) 15.9334(6) 15.8767(4) 16.0151(6)
al® 82.614(4) 81.582(3) 81.020(2) 82.318(3)
p/° 84.729(4) 86.102(3) 87.138(2) 84.290(4)
y/° 77.012(4) 80.190(3) 81.835(2) 76.534(3)
Volume / A3 2103.5(2) 2033.80(13) 1935.78(9) 2119.84(16)
V4 1 1 1 1
Peale/ g cm’ 1.808 1.781 1.686 1.794
w/ mm’! 0.862 0.886 0.918 0.855
F(000) 1142.0 1084.0 968.0 1142.0
Crystal size / mm® 0.06 x 0.04 x 0.03 0.33x0.12 x0.1 0.32 x 0.28 x 0.06 0.13 x0.11 x 0.08
Radiation MoKa (A =0.71073) Mo Ka (A=0.71073)

20 range for data collection / °
Index ranges

Reflections collected
Independent reflections
Data / restraints / parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
CCDC No.

3.192 to 57.392
—-13<h<13,-17<k <15,
-20<1<19
22279
8836 [Rint = 0.0427]
8836/0/663
1.083
Ri1=0.0350, wR>=0.0899
R1=0.0421, wR> = 0.0936
2570565

3.288 t0 59.476

-14<h<13,-17<k<17,

—21<1<21
27813
9705 [Rint = 0.0297]
9705/ 1/ 602
1.047

Ri1=0.0331, wR>=0.0813
R1=0.0433, wR> = 0.0866

2570566

MoKa (A = 0.71073)
3.474 t0 59.574

—-13<h<14,-16<k<15,

—-20<1<21
24456
9256 [Rini= 0.0301]
9256/ 464/ 715
1.044

R1=0.0422, wR>=0.1067
Ri1=0.0586, wR»=0.1173

2570567

MoKa (A = 0.71073)
3.186 to 60.094

—-13<h<14,-17<k<17,

—-20<1<21
25106
10074 [Rin = 0.0361]
10074/50/662
1.042

R1=0.0508, wR>=0.1007
R1=0.0894, wR> =0.1188

2570568

Ry = YIE| = IR/ ZIKl;

wR, = [Ew(F} — F2)?/Zw(F)?]Y?
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Figure S6. Packing diagrams with anisole molecule coordination mode in 1-3Ani (a), (b), and 1-2Ani
(¢), packing diagram of disorder at Bzl in 1 after desolvation (d), and coordination environment of
Bz4 in 1-3Ani and 1-2Ani (e), where the atoms C, O, N, S, F and Ru are represented in gray, red,
blue, yellow, green, and pink, respectively. The color of C atoms on Bz1, Bz2, Bz3, Bz4, Ani-1, and
Ani-2 are changed to pale green, pale yellow, olive, brown, cyan, and orange respectively, and
hydrogen atoms are omitted for clarity.
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Table S3. Selected bond distances and angles.

Rul-N1-C Ru-O/A
Compoun T/ [Ru ul-Rul® - Rul™NI 29 (Ru2-
/A /A Rul-01 Rul-02 Rul—-04 Rul-05 .
d K ]Junit N2—-C31) average Assignment
(Ru2-Ru2*)  (Ru2-N2) ©)/° (Ru2-07)  (Ru2—08)  (Ru2-010) (Ru2—-0l11)

L3An 102 Rul  2.2810(5) 2.360(3) 158.9(2) 2.069(2) 2.058(2)" 2.068(2) 2.058(2)*  2.0633(10) [Rux™"]
Ru2  2.2750(4)° 2.293(2) 170.3(2) 2.057(2) 2.048(2)*  2.0605(18)  2.0650(18)°  2.0582(9) [Rux™"]
oAn 102 Rul  2.2833(4) 2.307(2) 160.2(2) 2.0689(19)  2.0590(19)*  2.0659(18)  2.0610(19)*  2.0638(9) [Rux™"]
Ru2  2.2802(4)° 2.294(2) 168.4(2) 2.0606(18)  2.0584(18)>  2.0566(18)  2.0573(18)°  2.0582(9) [Rux™"]
. 102 Rul  2.2746(5) 2.287(3) 153.8(3) 2.082(6) 2.056(6)° 2.052(3) 2.048(3)°  2.0538(19) [Rux™"]
Ru2  2.2782(5)¢ 2.225(3) 173.5(3) 2.018(2) 2.019(2)* 2.016(3) 2.0193)*  2.0182(12) [Ru,™™M]*
LreAni 102 Rul  2.2808(7) 2.358(4) 158.5(3) 2.065(3) 2.058(3)" 2.067(3) 2.063(3)°  2.0633(15) [Rux™"]
Ru2  2.2792(7)° 2.301(4) 169.6(4) 2.057(3) 2.048(3)° 2.066(3) 2.064(3)°  2.0588(15) [Rux™"]

*Symmetry code: (a) 1-X, —Y,1-Z; (b) —X,1-Y, —Z; (¢) 3—X, —-Y,1-Z; (d) 2-X,1-Y, —Z;
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Table S4. Bond lengths (A) on the BTDA-TCNQ moiety and degree of charge transfer (p) estimated from the Kistenmacher relationship. '

N N/ \N \N
Ne”
Compound a b c d e f g p°
BTDA-TCNQ? 1.126(5) 1.444(6) 1.351(7) 1.464(6) 1.421(5) 1.330(5) 1.626(4) 0
[NEt(I}/I&)&g};TDA' 1.140(6) 1.429(7) 1.390(6) 1.437(6) 1.433(5) 1.346(6) 1.614(4) -1
A 1.145(4) 1.438(4) 1.381(4) 1.446(4) 1.438(4) 1.331(3) 1.621(3) ~0.65(5)
“oAm 1.136(3) 1.436(4) 1.459(4) 1.319(4) 1.607(2)
A 1.140(3) 1.436(3) 1.375(3) 1.457(3) 1.424(3) 1.335(3) 1.622(2) ~0.50(4)
“eAm 1.145(3) 1.433(3) 1.463(3) 1.334(3) 1.615(2)
) 1.146(5) 1.417(5) 1.403(5) 1.429(5) 1.444(5) 1.339(5) 1.612(4) ~1.40(7)
1.143(4) 1.413(4) 1.433(5) 1.331(5) 1.602(4)
| reAni 1.142(5) 1.440(6) 1.382(6) 1.450(5) 1.427(6) 1.327(5) 1.627(4) ~0.65(8)
-ream 1.141(5) 1.436(6) 1.459(6) 1.325(5) 1.617(4)

®Estimated from the Kistenmacher relationship using averaged bond lengths: p = Au[c/(b + d)] + Bu, with Ay =—50.00 and By = 23.25.
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Table S5. Selected angle (°) and intra-molecular hydrogen bond distances (A).

s £
o/oa 6/ob O-H-O%/A¢ O-H-+O* angle / ° ¢
Comp.  T/K [Ru]unit 01-03 04-06 O1--H3-03  04--H6-06
Bzl (Bz3) Bz2 (Bz4) Bzl (Bz3) Bz2 (Bz4) (07-09) ©Ol0-012)  (O7T+H9-09) (010-5{)12—0
. Rul 15.86(8) 1.17(9) 7.82(18) 2.33(18) 2.650(3) 2.582(3) 142.44(19) 150(4)
1-3Ani 102 Ru2 1.78(8) 8.69(8) 1.57(17) 1.5(2) 2.535(3) 2.558(3) 145.25(16) 144.56(14)
. Rul 23.51(9) 4.99(9) 13.35(19) 5.80(19) 2.660(3) 2.581(3) 141.91(19) 144.67(16)
1-2Ani 102 Ru2 4.83(11) 12.68(8) 3.19(19) 3.52(18) 2.557(3) 2.550(3) 140.49(18) 138.91(17)
Rul 9.03) 5.57(14) 0.8(8) 0.7(3) 2.634(9) 2.584(4) 138.4(7) 142.9(2)
! 102 Ru2 6.77(16) 13.48(14) 3.1(3) 5.0(2) 2.594(4) 2.575(7) 143.8(2) 73.6(4)
_ Rul 15.42(14) 0.91(15) 5.3(3) 1.6(3) 2.656(5) 2.585(5) 142.5(3) 144.93)
freAni 102 Ru2 1.33(15) 8.54(12) 0.2(3) 2.4(3) 2.532(5) 2.555(4) 146.6(3) 145.6(3)

¢ Dihedral angle between the least-squares plane defined by the phenyl ring of benzoate ligand and a carboxylate-bridging mode (atom set of Ru>0,C);
b angel between the C—C bond linking the phenyl ring and the carboxylate-bridging mode in the benzoic acid ligand and the normal to the least-squares
plane of the carboxylate-bridging mode (atom set of Ru,0>C); ¢ distance between the oxygen atom on the 0-OH group and the oxygen atom of the
carboxylate. ¢ angle between the oxygen and hydrogen atom on the 0-OH group and the oxygen atom of the carboxylate.

S13



Table S6. The estimation of the overlap integral.

Compound T/K [Ruz] unit o/°¢4 r/°b Asf A

, Rul 158.94 2.79 0.0003 0.9998
1-3Ani 102 Ru2 170.27 80.22 0.0277 0.9860
Rul 160.15 11.71 0.0047 0.9976

- i 102
1-2Ani 0 Ru2 168.37 70.84 0.0366 0.9815
. 0 Rul 153.78 20.88 0.0248 0.9875
Ru2 173.55 58.58 0.0092 0.9954
Rul 158.51 3.54 0.0005 0.9997

- i 102
l-reAni 0 Ru2 169.58 80.69 0.0319 0.9839

¢ £ Ru-N-C; ’Dihedral angel between two least-square plane by (Ru—Ru—N=C—C) and (C—C—(C=N)»); ¢ As= (sind sint)?; ¢ Ax= {1—(sind sint)?} 3.
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Figure S7. Simulated PXRD pattern of 1-3Ani (red), 1-2Ani (orange), and 1 (blue).
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Table S7. Summary of the Structural and Magnetic Properties. y is the canting angle of [Ruz] units
(D)within the zigzag D>A layers relative to the ideal flat layer.

Actual layer
Magnetic .
Compound  lans/ A l'trans / A W gr(g)und Electronic Ref.
state state
1-3Ani 10.36 10.41 6.21 PM N This work
1-2Ani 10.33 10.40 7.92 PM N This work
1 10.41 10.47 7.40 AFM le-1 This work
2 10.07 11.21 31.59 PM 2e-1 4
2-PhH 10.04 10.54 22.74 FM le-1 4
2-CO, 10.25 10.78 21.95 FM le-1 5
3-CO: 13.03 13.03 1.03 PM N 6
3 11.05 11.59 21.47 FM le-1 6
4-4DCE 10.70 10.79 8.72 PM 2e-1 7
4-nDCE 10.52 11.03 19.16 FM le-1 7

Determination of practical inter-layer translational distance /'qans.
Interlayer dipole interaction (Jdipole) could be provided by the following equation:

=3 * Lerans) (1) * lerans)
l3

trans

Ho

Wil
Jaipote = E(gﬂB)z =

where m should be substituted to effective m of m’' = m cos y, due to the decrease of magnetic moment
y s g
irj

(ltrans/(cosgb)z/?')

parallel to D»A layer. So, Jaipole could be proportional to 5. In this respect we modified

l
l’trans as trans

(cosp)?/3
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Figure S8. Magnetic properties of 1. (a) Variation of the magnetization (M) in the series (H = 10 Oe).
(b) Temperature dependence of FCM (black), remnant magnetization (RM, red), and zero-field-
cooled magnetization (ZFCM, blue) at 10 Oe. (c) Field dependence of the magnetization for 1-3Ani
(black),1-2Ani (blue), and 1 (red) at 1.8 K. (d) dM/dH vs H plots for the virgin magnetization from
M-H curves.
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A coexistence of antiferromagnetic order and spin-glass state is observed below the 7x. In order
to study the spin dynamics of 1, the frequency dependence of the freezing temperature (77
corresponding to the cusp temperature in y""—7 plots) was fitted by the critical slowing down model:
t = 10(T7/Tsc — 1)?", where 7 (r = 1/f) is the relaxation time associated with the measured frequency
1, wo1s the single-flip relaxation time, 7sg is the spin glass transition temperature as f'tends to 0, and
zv' is the dynamic critical exponent.®*!® The value of 7o obtained from the best-fit results is 2 x 10~
195 (Figure S11, inset I), which lies within the boundary range between the canonical state (1071310~
12.5) and cluster-glass state (1071'-107*5).%!:12 The zv' value is found to be 6.4, which is in the typical
range of spin-glass state formation (4—12). The spin dynamics in glassy systems around the 7y was
also simulated by Vogel-Fulcher law, where the frequency dependence can be described as = fo exp[—
Eu/ks(Tt— To)].>'! Here fj is the characteristic attempt frequency, E, is the activation energy, and T is
the Vogel-Fulcher temperature, which reflects the effective degree of interaction among spins or
clusters. From the 7y vs 1/In(fo/f) plot (Figure S11, inset II), the fitted value of E./kgTo is 1.13,
indicating the formation of a cluster-glass-like state in 1 (for typical spin glass systems, this value is
usually much smaller than 1, whereas higher values are characteristic of cluster glass systems).”!!

-2
1.0} ) frequency i
£, dependence
A\ zv'=6.4 —
— 8 1,=2x10"s
g 0.8 37 7282420 }
56
™ 1T
£06} "V 1
o 53
~ 5ol « (EJKe)I Tes = 1.13
. >(;%04 B 0.08 10/?&5)9}1)2 0.14 E— 10Hﬁz -
— 100 Hz
02 —— 1000 Hz

40 45 50 55 60
T/K

Figure S9. The zoomed view of the frequency dependence in " part for 1. Inset: (I) The frequency
dependence of freezing temperatures plotted as In(t) vs In(77/ Tsc — 1), where the red line represents
the fit to power-law divergence; (II) The frequency dependence of freezing temperatures plotted as 7y
vs 1 /1In(fo/ f), where the red line represents the fit to Vogel-Fulcher law.
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Figure S10. (a) Temperature dependence of ym (open circle) and ym” (open square) measured under a
DC field of 1000 Oe from 300 to 1.8 K for 1-reAni. The solid line represents the best-fit line based
on a Curie paramagnetic model with § = 1 at temperatures ranging from 30 to 300 K, taking into
account zero-field splitting (D), temperature-independent term (ytip), and impurity with S = 3/2 (p).
The best fitting parameters were: g = 2.0 (fixed), D/ks = 362.2(13) K, yrir = 116.4(98) x107 cm?
mol™! and p = 0.0252(2) for 1-reAni. (b) Field dependence of the magnetization for 1-reAni at 1.8
K.
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Table S8. Atomic Cartesian coordinates used for DFT calculations of models 1 and 1-3Ani.

1 Atomic Cartesian coordinates 1-3Ani Atomic Cartesian coordinates
Atom x/A y/ A z/ A Atom x/A y/A z/A
Ru 15.5696 1.9514 7.1170 Ru 5.4240 1.6972 7.2747
Ru 16.4672 0.4384 8.5588 Ru 6.4019 0.0729 8.5429
F 13.2450 -5.1323 3.4346 F 5.2219 -4.6197 1.8924
F 8.8467 0.5495 11.7866 F -1.1279 -0.2363 12.0481
(0] 14.8988 0.3875 5.8863 (0] 4.9381 0.2794 5.8479
(0] 15.7419 -1.0798 7.3990 (0] 5.8937 -1.3092 7.1059
(0] 13.9925 -0.5552 3.6227 (0] 4.4692 -0.2478 3.2931
H 14.0475 0.0599 4.1917 H 4.5602 0.2673 3.9507
(0] 13.8004 1.7964 8.1434 (0] 3.6620 1.3695 8.3077
(0] 14.6806 0.3109 9.5522 (0] 4.6302 -0.2257 9.5453
(0] 11.3995 2.6797 8.5088 (0] 1.2247 2.0840 8.7671
H 12.1153 2.5895 8.0785 H 2.0701 2.0844 8.4150
C 15.1733 -0.8004 6.3283 C 5.3316 -0.9085 6.0401
C 14.6948 -1.9012 5.4646 C 5.1866 -1.8947 4.9375
C 14.7716 -3.1799 6.0054 C 4.8146 -1.4993 3.6518
H 15.1662 -3.3124 6.8587 C 48217 -2.4382 2.6158
C 14.2664 -4.2652 5.2953 H 4.5775 -2.1906 1.7316
H 14.3236 -5.1391 5.6634 C 5.1863 -3.7128 2.9062
C 13.6959 -4.0715 4.0459 C 5.5161 -4.1565 4.1616
C 13.6132 -2.7975 3.5051 H 5.7370 -5.0662 4.3244
H 13.2218 -2.6604 2.6520 C 5.5134 -3.2278 5.1749
C 14.1170 -1.7075 42152 H 5.7391 -3.5003 6.0563
C 13.7143 1.0110 9.1437 C 3.6290 0.4925 9.2430
C 12.4155 0.9153 9.8381 C 2.3725 0.3414 9.9921
C 11.3337 1.7280 9.4838 C 1.2364 1.1177 9.7016
C 10.1340 1.6152 10.1595 C 0.0485 0.9180 10.4064
H 9.4008 2.1810 9.9481 H -0.7218 1.4418 10.2191
C 10.0283 0.6695 11.1345 C 0.0201 -0.0463 11.3697
C 11.0550 -0.1643 11.5217 C 1.1117 -0.8307 11.7034
H 10.9445 -0.8050 12.2144 H 1.0592 -1.4840 12.3910
C 12.2518 -0.0214 10.8492 C 2.2780 -0.6248 10.9959
H 12.9838 -0.5800 11.0846 H 3.0395 -1.1567 11.1975
F 18.7918 7.5221 12.2412 F 6.6039 6.3898 13.9252
F 23.1901 1.8403 3.8892 F 12.9538 2.0063 3.7695
(0] 17.1380 2.0023 9.7895 (0] 6.8878 1.4907 9.9697
(0] 16.2949 3.4696 8.2768 (0] 5.9322 3.0793 8.7117
(0] 18.0443 2.9450 12.0531 (0] 7.3567 2.0178 12.5245
H 17.9893 2.3299 11.4841 H 7.2657 1.5028 11.8668
(0] 18.2365 0.5934 7.5324 (0] 8.1639 0.4005 7.5099
(0] 17.3562 2.0790 6.1236 (0] 7.1957 1.9957 6.2723
(0] 20.6373 -0.2899 7.1670 (0] 10.6012 -0.3139 7.0505
H 19.9215 -0.1997 7.5973 H 9.7557 -0.3143 7.4026
C 16.8635 3.1902 9.3475 C 6.4943 2.6785 9.7775
C 17.3420 4.2910 10.2112 C 6.6393 3.6647 10.8801
C 17.2653 5.5698 9.6704 C 7.0113 3.2693 12.1658
H 16.8706 5.7022 8.8171 C 7.0042 4.2083 13.2018
C 17.7705 6.6550 10.3805 H 7.2484 3.9607 14.0860
H 17.7132 7.5289 10.0124 C 6.6396 5.4829 129114
C 18.3409 6.4613 11.6299 C 6.3098 5.9266 11.6560
C 18.4236 5.1873 12.1707 H 6.0889 6.8363 11.4932
H 18.8151 5.0502 13.0238 C 6.3125 4.9979 10.6427
C 17.9198 4.0973 11.4606 H 6.0868 5.2704 9.7613
C 18.3225 1.3788 6.5321 C 8.1968 1.2775 6.5746
C 19.6213 1.4745 5.8377 C 9.4534 1.4287 5.8255
C 20.7032 0.6618 6.1919 C 10.5895 0.6523 6.1160
C 21.9029 0.7746 5.5163 C 11.7774 0.8521 54112
H 22.6360 0.2088 5.7277 H 12.5476 0.3283 5.5984
C 22.0085 1.7203 4.5413 C 11.8058 1.8164 4.4479
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Table S9.Calculated total energies and (§2) values of the four charge—spin states.

Neutral state

CT state

Antiferromagnetic state

Ferrimagnetic state

Ferrimagnetic state

Ferrimagnetic state

.

Models Energy / a.u. Energy / a.u. Energy / a.u. Energy / a.u. Energy / a.u. (52) Energy / a.u. (52)
1-3Ani —6824.3270 —6824.3234 —6824.3234 —6824.3234 —6824.3234 2.0171 —6824.3271 6.0179
1 —6824.2256 —6824.2282 —6824.2282 —6824.2282 —6824.2282 2.2547 —6824.2270 6.1810
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Figure S11. Frontier orbitals from HOMO-4 to LUMO and their relative energy gaps in the 1-3Ani

(AFM) and 1 (FiM) models. The relative a orbital energies are presented here, where the mid-point

of the HOMO-LUMO gap is defined as zero.
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