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ESI-1: Crystallographic Studies

The structures of complexes 1 — 3 were solved by direct methods and non-H atoms refined
anisotropically. The protonation state of each ligand was challenging to determine but was based on
charge balance and hydrogen-bonding patterns. While there is likely to be some subtle changes in
bond length on deprotonation (compare the two dominant resonance forms for the two anions shown
below), the esd’s on the experimentally observed bond lengths make such an analysis unreliable.
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While Bond Valence Sum (BVS) calculations could potentially provide some insight into the
protonation state of the ligand, they too derive from interatomic distances and BVS proved rather
uninformative, consistent with the subtle changes in bond lengths in the ligand geometry which arise
from the conjugated nature of the ligand system. Distinction between the different protonation states
was therefore made primarily on the potential for hydrogen-bonding (Table S1):

e The N-H group in LH,” was invariably found to be a hydrogen bond donor
e The N lone pair in LH? was often not involved in hydrogen bonding at all or acted as a H-bond
acceptor.

Table S1: Comparison of ligand geometries and H-bonding patterns for complexes 1 — 3; LH*
dianions are highlighted in grey and monoanions LH, in white.

Complex 0-C C-N N-N N-C N-H...X Assignment
1.244(4) 1.333(5) 1.394(5) 1.287(5) N-H...Og0 LH,
1 1.247(5) 1.326(5) 1.388(4) 1.288(5) NH...ONO, LH,
1.240(5) 1.336(5) 1.393(4) 1.286(5) NH...ONO, LH,
1.244(4) 1.329(5) 1.400(4) 1.290(5) NH...Opeon LH,
1.26(1) 1.31(1) 1.43(1) 1.28(1) N...HON LH*
2 1.23(1) 1.32(1) 1.39(1) 1.29(1) None LH*
1.30(1) 1.31(1) 1.40(1) 1.31(1) NH...OH,? LH,
1.30(1) 1.30(1) 1.40(1) 1.30(1) NH...OMe LH,
3 1.33(1) 1.27(1) 1.41(1) 1.29(1) None LH*
1.32(1) 1.28(1) 1.40(1) 1.29(1) None LH*

8 The structure was treated with a solvent mask (SQUEEZE) due to disorder of the lattice water molecule over two
positions. However both sites exhibit short N-H...O distance to LH,". The deposited structure does not contain this lattice
water but the extent of protonation was assigned based on the observed hydrogen bonding pattern prior to application of
the solvent mask.



Table S2: Crystallographic Structural Data for complexes 1 -3

1 2 3
Chemical formula CssHgoDY2N14027  CegH70DYaN1506 C68H74Gd4N18026
FW 1694.33 2181.40 2188.45
Crystal system, Triclinic Monoclinic Triclinic
space group P-1 P2:/n P-1
Temperature (K) 173(2) 173(2) 173(2)
a/A 10.3755 (8) 14.7253 (10) 11.3795 (6)
b/ A 14.3138 (11) 18.0284 (11) 12.1400 (6)
c/A 23.9924 (17) 14.9893 (10) 14.4181 (7)
a/° 92.068 (3) 90 85.283 (2)
B/° 95.604 (3) 91.787 (2) 75.253 (2)
v/° 103.792 (3) 90 74.747 (2)
V/A3 3437.4 (4) 3977.3 (4) 1858.11 (16)
Z 2 2 1
D./Mgm-3 1.637 1.821 1.956
Radiation type Mo Ka Cu Ka Mo Ka
u(MoKa)/mm-t 2.25 20.51 3.62
Independent reflns 9481 5342 6535
Reflns [I > 20(1)] 8535 4372 5024
Rint 0.035 0.053 0.063
BOmax (%) 22.954 58.945 25.000
R:?, WR,? 0.024, 0.058 0.050, 0.133 0.043, 0.112
st 1.11 1.02 1.11
Max/min residual +1.15 +1.98 +3.47
e density (eA3) -0.70 -0.81 -1.47
CCDC 1919889 1919888 1919890

a|>2@(/), b all data

Table S3: Selected bond lengths (A) and bond angles (°) for complex 1

Bond Distances  Bond Distance
Dy1—02 2.183(2) Dy2—06 2.185 (3)
Dy1—010 2273(2) Dy2—014 2.307 (2)
Dyl—014 2341(2) Dy2—010 2.357(2)
Dy1—03 2.350(2) Dy2—07 2.387 (3)
Dyl—011 2401(3) Dy2—015 2.416 (3)
Dyl—N1 2.522(3)  Dy2—N4 2.557 (3)
Dyl—N7 2.573(3)  Dy2—N10 2.577 (3)
Dy1—028 2.630(3) Dy2—028 2.600 (2)
Dyl—013 2.672(2) Dy2—09 2.621(3)
Bond Angles Bond Angles

02—Dy1—010 85.58(9) 06—Dy2—014  84.73(9)
02—Dy1—014  117.89(9) 06—Dy2—010  122.28(9)
010—Dyl—014 70.62(8) 014—Dy2—010 69.76 (8)
02—Dy1—03 130.26 (9) 06—Dy2—07 130.02 (9)
010—Dy1—03  139.31(9) 014—Dy2—07  139.18(9)
014—Dyl—03  74.73(9) 010—Dy2—07  72.76 (9)
02—Dy1—011  114.96(9) 06—Dy2—015  110.00 (9)
010—Dy1—011 117.26(9) 014—Dy2—015 121.92(9)
014—Dy1—011 127.05(9) 010—Dy2—015 127.57(9)
03—Dy1—011  69.30(9) 07—Dy2—015  71.12(9)
02—Dy1—N1 70.82 (10) 06—Dy2—N4 69.78 (10)
010—Dyl—N1  155.62(9) 014—Dy2—N4  154.51(9)
014—Dyl—N1  125.61(9) 010—Dy2—N4  123.73(9)
03—Dy1—N1 64.76 (10) 07—Dy2—N4 64.16 (9)
011—Dyl—N1  69.89 (10) 015—Dy2—N4  69.58 (10)
02—Dy1—N7 75.85(10) 06—Dy2—N10  74.78 (10)
010—Dyl—N7  68.44(9) 014—Dy2—N10 68.79 (9)
014—Dyl—N7  135.37(9) 010—Dy2—N10 132.86(9)
03—Dy1—N7 131.15(9) 07—Dy2—N10  133.30(9)
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011—Dyl—N7  61.90(9) 015—Dy2—N10 62.61(9)
N1—Dy1—N7 98.95(10) N4—Dy2—N10  103.25 (10)
02—Dy1—028  147.27(9) 06—Dy2—028  147.12 (9)
010—Dy1—028 64.32(8) 014—Dy2—028 66.64 (8)
014—Dy1—028 65.68(8) 010—Dy2—028 63.79 (8)
03—Dy1—028  8247(8) 07—Dy2—028  82.78(8)
011—Dy1—028 72.12(8) 015—Dy2—028 75.04 (8)
N1—Dyl—028  136.42(9) N4—Dy2—028  137.48(9)
N7—Dy1—028  81.02(9) N10—Dy2—028 79.79 (9)
02—Dyl—013  74.04(9) 06—Dy2—09 76.47 (9)
010—Dy1—013 106.88(8) 014—Dy2—09  102.98 (8)
014—Dy1—013 60.90(8) 010—Dy2—09  61.37(8)
03—Dy1—013  72.71(8)  07—Dy2—O09 71.73 (9)
011—Dy1—013 135.23(8) 015—Dy2—09  134.84(9)
N1—Dy1—013  73.09(9) N4—Dy2—09 71.66 (9)
N7—Dyl—013  149.81(9) N10—Dy2—09  150.67 (9)
028—Dy1—013 125.13(8) 028—Dy2—09  124.07 (8)

Table S4: Continuous Shape Measures calculation of Dyl and Dy2 in complex 1 (geometries which
give the smallest deviation from the experimental structure are highlighted).

JCSAPR-9 CSAPR-9 JTCTPR-9 TCTPR-9 MFF-9
Capped square Spherical capped Tricapped trigonal Spherical Muffin
antiprism J10 square antiprism  prism J51 tricapped (Cs)
(Cav) (Ca) (Dsn) trigonal prism
(Dsh)
Dyl 3.36 1.97 5.13 1.73 1.760
Dy2 2.85 1.73 4.43 1.54 1.95

(a) (b)

Figure S1: Calculated polyhedron for Dyl (a: Spherical tricapped trigonal prism) and for Dy2 (b:
Spherical tricapped trigonal prism (Ds,) in complex 1.



Table S5: Selected bond lengths (A) and bond angles (°) for complex 2

Bond Distances Bond Distances
Dy1—02 2.241(5) Dy2—06 2.259 (6)
Dy1—010 2.311(6) Dy2—07 2.323(5)
Dyl—07 2.334 (6) Dy2—013 2.362 (6)
Dy1—O013i 2.338 (5) Dy2—O011i 2.405 (6)
Dy1—03 2.361 (5) Dy2—010i 2.431(5)
Dyl—013 2.512 (5) Dy2—03 2.488 (5)
Dyl—N1 2.529 (7) Dy2—N4 2.549 (8)
Dyl—N6 2.653 (7) Dy2—N7i 2.556 (7)
Dy2—N3 2.679 (8)
Bond Angles Bond Angles
02—Dy1—010 86.2 (2) C8—N1—N2 112.8 (7)
02—Dy1—07 119.2 (2) C8—N1—Dyl 130.1 (6)
010—Dy1—07 148.95(19) 06—Dy2—07 123.5(2)
02—Dy1—013i 110.66 (19) 06—Dy2—013 158.5 (2)
010—Dy1—013i 70.52 (19) 07—Dy2—013 75.33 (19)
07—Dy1—013i 83.07 (19) 06—Dy2—011i 84.3(2)
02—Dy1—03 116.77 (19) 07—Dy2—011i 150.9 (2)
010—Dy1—03 124.72(19) 013—Dy2—O011i  75.81(19)
07—Dy1—03 62.24(19) 06—Dy2—010i 125.1(2)
013i—Dy1—03 130.45(18) 07—Dy2—010i 70.57 (18)
02—Dy1—013 168.5 (2) 013—Dy2—010i  68.09 (18)
010—Dyl1—013  83.09(18) O11i—Dy2—O010i 101.91 (19)
07—Dy1—013 72.33 (18) 06—Dy2—03 110.9 (2)
013i—Dy1—013 69.57 (19) 07—Dy2—03 60.47 (18)
03—Dyl1—013  66.88(17) 013—Dy2—03 67.26 (18)
02—Dy1—N1 70.4 (2) 011i—Dy2—03 104.18 (19)
010—Dy1—N1 84.3(2) 010i—Dy2—03 119.67 (18)
07—Dy1—N1 119.5(2) 06—Dy2—N4 69.9 (2)
013i—Dyl—N1  154.5(2) 07—Dy2—N4 62.2 (2)
03—Dy1—N1 61.7 (2) 013—Dy2—N4 131.6 (2)
013—Dy1—N1 104.2 (2) 011i—Dy2—N4 145.2 (2)
02—Dy1—N6 65.8 (2) 010i—Dy2—N4  76.4(2)
010—Dy1—N6 126.9 (2) 03—Dy2—N4 106.6 (2)
07—Dy1—N6 59.6 (2) 06—Dy2—N7i 71.8(2)
013i—Dyl—N6  78.37(19) 0O7—Dy2—N7i 130.5 (2)
03—Dyl1—N6 108.3 (2) 013—Dy2—N7i 104.9 (2)
013—Dy1—N6 124.5(2) 011i—Dy2—N7i 61.9 (2)
N1—Dyl—N6 122.1(2) 010i—Dy2—N7i  64.6(2)
C2—01-—C1 118.6 (8) 03—Dy2—N7i 165.9 (2)
C7—02—Dy1 139.6 (6) N4—Dy2—N7i 87.4(2)
C9—03—Dy1 118.7 (6) 06—Dy2—N3 65.4 (2)
C9—03—Dy2 124.3 (5) 07—Dy2—N3 113.8(2)
Dy1—03—Dy2 98.00 (18) 013—Dy2—N3 98.8 (2)
N3—04—H4 31(2) 011i—Dy2—N3 67.1(2)
C13—05—C12 116.6 (11)  010i—Dy2—N3 165.2 (2)
C18—06—Dy2 133.9 (6) 03—Dy2—N3 57.2(2)
Dy2—013—Dyl  97.29(18)  N4—Dy2—N3 118.3 (2)
Dyli—O13—H13 112.9 N7i—Dy2—N3 114.9 (2)
Dy2—013—H13 1129 C20—07—Dy2 124.9 (5)
N2—N1—Dyl 116.7 (5) C20—07—Dy1 131.1 (5)
C31—011—Dy2i  120.3 (6) Dy2—07—Dy1 103.6 (2)
N9—012—H12 106 (8) N6—O—H 109 (7)
Dyli—013—Dy2  109.3(2) C24—09—C23 115.6 (7)
Dyli—013—Dyl 11043 (19) (C29—010—Dyl  128.1(5)
Dyl—013—H13 1129 C29—010—Dy2i 122.2 (5)
Dy1—010—Dy2i 107.9 (2)




Table S6: Continuous Shape Measures calculation of Dy1(Dy1*) and Dy2(Dy2*) in complex 2
(geometries which give the smallest deviation from the experimental structure are highlighted).

Triangular Johnson Biaugmented Biaugmented Snub
dodecahedron gyrobifastigium trigonal prism J50 trigonal prism diphenoid
(D2q) 126 (Cx) 184
(D24) (C) (D2q)
Dy1(Dy1*) 8.87942 7.37 8.59 7.25 9.35
Capped cube J8 Spherical- Spherical capped Hula-hoop Muffin
(Cav) relaxed capped square antiprism (Cav) (Cy)
cube (Cav)
(c4v)
Dy2(Dy2*) 5.26 3.74 9.57682 5.79932 8.69263

Figure S2: Calculated polyhedron for Dy1Dy1* (left) and Dy2Dy2* (Right) in complex 2.



Table S7: Selected bond lengths (A) and bond angles (°) for complex 3

Bond Distances Bond Distances
Gd1—052 2.234 (6) Gd2—012 2.249 (6)
Gd1—053 2.315 (6) Gd2—032 2.376 (6)
Gd1—032 2.392 (6) Gd2—013 2.388 (6)
Gd1—013i 2.426 (6) Gd2—053i 2.451 (6)
Gd1—N51 2.465 (8) Gd2—033i 2.459 (5)
Gd1—033i 2.489 (6) Gd2—N31 2.578 (7)
Gd1—071 2.547 (6) Gd2—N11 2.600 (7)
Gd1—N33i 2.575 (8) Gd2—033 2.780 (6)
Gd1—N13i 2.590 (8) Gd2—N53i 2.781 (8)
N13—Gdl1i 2.590 (8) 013—Gd1i 2.426 (6)
Bond Angles Bond Angles
052—Gd1—053 140.6 (2) 053i—Gd2—N31  122.8(2)
052—Gd1—032 90.6 (2) 033i—Gd2—N31 98.6(2)
053—Gd1—032 86.9 (2) 012—Gd2—N11 68.3 (2)
052—Gd1—013i  136.4(2) 032—Gd2—N11  100.9 (2)
053—Gd1—013i  65.9(2) 013—Gd2—N11 60.3 (2)
032—Gd1—013i  130.83(19) 053i—Gd2—N11 118.0(2)
052—Gd1—N51  75.4(2) 033i—Gd2—N11  167.0(2)
053—Gd1—N51 65.7 (2) N31—Gd2—N11 69.1(2)
032—Gd1—N51 77.7 (2) 033—Gd2—N53i  121.4(2)
013i—Gd1—N51  120.5(2) 012—Gd2—032  79.1(2)
052—Gd1—033i  140.8(2) 012—Gd2—013 115.9(2)
053—Gd1—033i  73.42(19) 032—Gd2—013 143.48 (19)
032—Gd1—033i 68.48 (19) 012—Gd2—053i 117.1(2)
013i—Gd1—033i 64.88 (19) 032—Gd2—053i  140.95 (19)
N51—Gd1—033i 127.6(2) 013—Gd2—053i  64.43 (19)
052—Gd1—071 80.2 (2) 012—Gd2—033i 116.2 (2)
053—Gd1—071 80.9(2) 032—Gd2—033i  69.22 (19)
032—Gd1—071 147.17 (19) 013—Gd2—033i  122.58 (19)
013i—Gd1—071  70.59 (19) 053i—Gd2—033i 71.81(19)
N51—Gd1—071  69.5(2) 012—Gd2—N31  117.4(2)
033i—Gd1—071  134.55(19) 032—Gd2—N31 66.5 (2)
052—Gd1—N33i  80.9 (2) 013—Gd2—N31 77.3(2)
053—Gd1—N33i 134.3 (2) 053i—Gd2—033 66.33 (18)
032—Gd1—N33i  71.4(2) 033i—Gd2—033  68.73 (19)
013i—Gd1—N33i 98.5(2) N31—Gd2—033 58.1(2)
N51—Gd1—N33i 140.5 (3) N11—Gd2—033 106.2 (2)
033i—Gd1—N33i 61.4(2) 012—Gd2—NS53i  63.1(2)
071—Gd1—N33i  136.5(2) 032—Gd2—N53i  112.6(2)
052—Gd1—N13i  80.1(2) 013—Gd2—NS53i  103.7(2)
053—Gd1—N13i  124.5(2) 053i—Gd2—N53i  57.1(2)
032—Gd1—N13i  139.2(2) 033i—Gd2—N53i  80.1(2)
013i—Gd1—N13i 60.2 (2) N31—Gd2—N53i 178.6 (2)
N51—Gd1—N13i 135.7 (2) N11—Gd2—N53i 112.2 (2)
033i—Gd1—N13i 94.2(2) 012—Gd2—033 174.4(2)
071—Gd1—N13i  70.4(2) 032—Gd2—033 101.00 (18)
N33i—Gd1—N13i 67.9(2) 013—Gd2—033 60.79 (18)
C19—013—Gd1i 127.5 (5) C18—N11—N12 113.1(7)
C20—N13—Gd1i 125.1 (6) C18—N11—Gd2 129.3 (6)
014—N13—Gd1i 120.0 (5) N12—N11—Gd2 117.0 (5)
Gd2—013—Gd1i  105.4(2) C17—012—Gd2 141.8 (6)
C20—N13—014 114.6 (7) C19—013—Gd2 121.8 (5)
C19—N12—N11 110.2 (7) 011—C12—C13 126.6 (10)
C19—N12—H12 124.9 011—C12—C17 112.2 (9)
N11—N12—H12 124.9 C13—C12—C17 121.2 (11)




Table S8: Continuous Shape Measures calculation of Gd1(Gd1*) and Gd2(Gd2*) in complex 3

(geometries which give the smallest deviation from the experimental structure are highlighted).

Gd1(Gd1*)

Gd2(Gd2*)

Capped square
antiprism J10
(c4v)

1.69

Capped cube J8
(C4v)

4.57

Spherical capped
square antiprism
(c4v)

0.67

Spherical-relaxed
capped cube

(c4v)

2.90

Tricapped trigonal
prism J51
(Dsn)

3.04

Spherical capped
square antiprism
(c4v)

10.65

Spherical

tricapped trigonal

prism
(Dsp)
1.62

Hula-hoop
(CZV)

7.03

Muffin
(C)

0.56

Muffin
(C)

9.30

Figure S3: Calculated polyhedron for Gd1Gd1* (left) and Gd2Gd2* (Right) in complex 3
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Figure S4: Temperature dependence of 1/x for 3 with dotted line representing the fit to Curie-Weiss
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Figure S5. Temperature dependence of in-phase ¥’ (ac susceptibility signals for 1 in an optimal applied
dc field of 1000 Oe.



4.0

23K ° 25K
2.7K 29K
— 33K
© °©3.7K
£
k=
O,
=
=
18
X'm (cm3-mol? )
Figure S6: Cole-Cole plot for 1, solid line represents the best fitted parameter.
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Figure S7: In(t) vs 1/T plot for complex 1. Red line represents the fit to the Arrhenius equation.



03K
04K
5K
6K
7K
8K
09K
©10K
°0 11K
012K

0 3 6 9 12 15 18
X (em3.mol?)

Figure S8: Cole-Cole plot for 2, solid line represents the best fitted parameter.
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Figure S9: In(t) vs 1/T plot for complex 2. Red line represents the fit to equation 2.



