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Spectrometer Conditions

Table S1. Spectrometer Conditions for CW X-band EPR measurements of copper bipyridine

solutions collected at room temperature.

Microwave frequency [GHz]

9.43

Number of points

~60,000

Shots per point

1

Number of scans

1

Modulation amplitude [G]

6 (pH 13.7)

8 (pH 6.1-12.7)

Modulation amplitude [kHz]

100

Sweep time [s]

240 (pH 6.1 — 12.7)
360 (pH 13.7)

Effective time constant [s]

0.05

Table S2. Spectrometer Conditions for CW X-band EPR measurements of copper bipyridine

solutions collected at cryogenic temperatures.

Cu-1 Cu-111 Cu-1V Cu-V Cu-VI
Microwave frequency [GHz] | 9.46 9.46 9.45 9.47 9.45
Number of points ~60,000 ~60,000 ~30,000 ~30,000 ~60,000
Shots per point 1 1 1 1 1
Number of scans 3 3 1 1 3
Modulation amplitude [G] 6 6 6 6 6
Modulation amplitude [kHz] | 100 100 100 100 100
Sweep time [s] 240 240 180 120 360
Effective time constant [s] 0.05 0.05 0.05 0.05 0.05
Temperature [K] 77 77 77 100 77




Table S3. Spectrometer Conditions for pulsed Q-band EPR measurements of copper bipyridine

solutions.
Cu-I Cu-III Cu-1V Cu-vV Cu-VI

Microwave frequency [GHz] 33.99 34.00 33.97 34.00 33.94
Number of points 4,096 4,096 4,096 4,096 4,096
Shots per point 100 20 10 5 100
Number of scans 1 1 1 1 1
7t/2 [ns] 40 40 40 20 40
T [ns] 400 400 400 400 450
Shot repetition rate [us] 1,000 5,000 2,000 2,000 1,750
Temperature [K] 12 10 16 28 12

Table S4. Spectrometer Conditions for Q-band 'H ENDOR measurements of copper bipyridine

solutions.
Cu-1 Cu-II1 Cu-1V Cu-V Cu-VI
7/2 [ns] 40 40 40 40 40
T [ns] 400 400 400 400 420
Trr [us] 10 10 10 20 10
tyait [us] 2 2 2 2 2
Shot repetition 1,500 1,500 (H.O0) | 2,000 7,000 3,000
rate [us] 3,000 (D,O)
Microwave 34.01 34.00 (H,O) | 33.97 33.97 (H,0) 33.96 or 34.00
frequency [GHz] 33.99 (D,0) 34.00 (D,0O) (H20)
34.00 (D,0)
Temperature [K] 12 8.5 (H20) 16 12 8.5
12 (D,0)
Number of points | 1,024 1,024 1,000 1,024 1,000 (H.0O)
800 — 1,000
(D20)
Shots per point 10 (H20) 3 (H:0) 1 1 3
3-10 (D,0O) 10 (D,0)
Number of scans | 44-167 (H,O) | 19-47 (H,O) | 19-125(H20) | 10 -82 (H,0) | 26 — 112 (H20)

87-276 (D;0)

14-130 (D:0)

4791 (D,0)

20 - 142 (D,0)

79 — 133 (D2O)

Table S5. Spectrometer Conditions for Q-band *N/!70 ENDOR measurements of copper

bipyridine solutions.

Cu-I Cu-III Cu-1v Cu-V Cu-VI
/2 [ns] 40 ("N) 16 40 40
24 ("0)
T [ns] 400 400 420 400 400
Trr [us] 30 30 15 20 10
twait [llS] 2 2 1 2 2
Shot 5,000 5,000 3,000 ("N) 8,000 ("N) | 4,000
repetition rate 5,000 ("’0) 7,000 (70)
[us]
Microwave 33.98 (*N) 33.95 33.98 34.00 34.00
frequency 33.96 ("0)
|GHZz]




Temperature | 8.5 10 15 12 8

[K]

Number  of | 800 — 1200 1,200 1,000 1,000 1,000

points

Shots per | 1 1 1 1 3

point

Number  of | 155-838 (**N) 116-589 (*N) 106 (“*N) 63-176 (*N) | 104-297 (**N)
scans 159-570 ('0) | 246-611 (''0) 40-95 ('0) 25-174 ("0) | 123-161 ('O)

Table S6. Spectrometer Conditions for pulsed W-band EPR measurements of copper bipyridine

solutions.
Cu-I Cu-I1I Cu-1V

Microwave frequency [GHz] 94.03 94.02 94.05
Number of points 5,000 5,000 5,000
Shots per point 150 60 50
Number of scans 1 1 1

7t/2 [ns] 20 20 20

T [ns] 600 400 1,200
Shot repetition rate [us] 2,000 2,000 3,000
Temperature [K] 9 10 10

Table S7. Spectrometer Conditions for W-band “N/!70 EDNMR measurements of copper
bipyridine solutions.

Cu-1 Cu-II1 Cu-1V
7/2 [ns] 100 100 200
7 [ns] 1000 1000 1,500
Tura [us] 30 60 30
twaic [us] 6 6 2
Shot repetition rate [us] 1,000 7,500 (14N) 2,500

15,000 ("’0)

Microwave frequency [GHz] | 94.03 ("'N) 93.99 (**N) | 94.05

94.01 ("’0) 93.94 ("’0)
Temperature [K] 9 6 10
Number of points 1,000 2,000 6,000
Shots per point 50 50 20
Number of scans 126-600 (“N) | 8-35 (**N) 1-76

54-512 (""0) | 2-27 ("'0O)




Influence of glassing agent
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Figure S1. CW X-band (9.45 GHz, 77 K) spectrum of copper bipyridine (1:1 ratio) in water
without added NaOAc (or glycerol) showing a broad EPR response.



UV-Vis Spectroscopy
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Figure S2. Absorption spectra of copper bipyridine solutions at several pH values.



Cyclic Voltammograms
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Figure S3. Cyclic Voltammograms of copper bipyridine solutions (1 mM, 0.1 M NaOAc) at
several pH values, scanned with a scan rate of 0.1 V/s, showing the Cu(II)/Cu(Ill) (a) and the
Cu(I)/Cu(Il) (b) couple. The arrows indicate the sweep direction.



Multifrequency EPR and “N ENDOR Characterization
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Figure S4. CW X-band (a) and numerical derivatives of the pulsed Q- (b) and W-band (¢) EPR
and “N Davies ENDOR (d) spectra of Cu-I in black with simulations in red. An ENDOR
linewidth of 1.5 mT (full width at half height) was applied. Other simulation parameters are
reported in Table S8. Spectrometer Conditions are listed in the Experimental Section. The
relative intensities of the ENDOR features are distorted due to the lower frequency limit of the
employed resonator (cut off approximately below 18 MHz; see main text).
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Figure S5. CW X-band (a) and numerical derivatives of the pulsed Q- (b) and W-band (¢) EPR
and N Davies ENDOR (d) spectra of Cu-III in black with simulations in red. An ENDOR
linewidth of 1.5 mT (full width at half height) was applied. Other simulation parameters are
reported in Table S8. Spectrometer Conditions are listed in the Experimental Section. The
relative intensities of the ENDOR features are distorted due to the lower frequency limit of the
employed resonator (cut off approximately below 18 MHz; see main text).
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Figure S6. CW X-band (a) and numerical derivatives of the pulsed Q- (b) and W-band (¢) EPR
spectra of Cu-1V in black with simulations in red. Simulation parameters are reported in Table
S8. Spectrometer Conditions are listed in the Experimental Section.
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Figure S7. CW X-band (a) and numerical derivatives of the pulsed Q-band (b) EPR spectra of
Cu-I and Cu-V. Spectrometer Conditions are listed in the Experimental Section.
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Figure S8. CW X-band (a) and numerical derivative of the pulsed Q-band (b) EPR and Q-band
ENDOR (¢) spectra of of Cu-V in black with simulations in red. An ENDOR linewidth of 1.2
mT (full width at half height) was applied. Other simulation parameters are reported in Table
S9. Spectrometer Conditions are listed in the Experimental Section. The relative intensities of
the ENDOR features are distorted due to the lower frequency limit of the employed resonator

(cut off approximately below 18 MHz; see main text).
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Figure S9. CW X-band (a) and numerical derivative of the pulsed Q-band (b) EPR and Q-band
ENDOR (c) spectra of Cu-VI in black with simulations in red. An ENDOR linewidth of 1.5
mT (full width at half height) was applied. Other simulation parameters are reported in Table
S9. Spectrometer Conditions are listed in the Experimental Section. The relative intensities of
the ENDOR features are distorted due to the lower frequency limit of the employed resonator

(cut off approximately below 18 MHz; see main text).
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Table S8. Simulation parameters of Cu-I, Cu-III and Cu-IV obtained from X-, Q- and W-
band EPR and Q-band ENDOR simulation (Figures S4-S6).

Cu-1 Cu-1II Cu-1V
g = [g1, &, 8] [2.278+0.001, [2.254+0.001, [2.272+0.0005,
2.068+0.003, 2.055+0.001, 2.053+0.0005,
2.05540.001] 2.05040.002] 2.050+0.0005]
Ziso” 2.134 2.120 2.125
A®Cu) = [41, As, A3] in | [525+7, 43+£10, | [560+5, 64+£10, | [582+4, 90£5, 92+5]
MHz 36+10] 62+10]
A("N) = [41, 4>, 43] in MHz | [34, 34, 42] [31, 32, 40] [-]
[34, 42, 34] [31, 40, 32]
P("*N) =[Py, P>, P;] in MHz | [0.5, 1.4 -1.9] [0.5,1.4-1.9] [-]
[0.5,-1.9,1.4] [0.5,-1.9,1.4]
gStrain X:[0.02 0.04 0] S:[0.01 0 0.02] X:[000]
Q:[0.02 0.02 0] X:[0.03 0 0.03] Q:[0.0100]
W:10.03 0.04 0] Q:[0.025 0.02 0] W:[0.08 0.04 0]
W:[000]
Linewidth in mT X:1 S:1 X: 1
(gaussian peak-to-peak) Q: 1.5 X:0.8 Q: 1.8
W:5 Q: 09 W:5
W: 15

a) The isotropic components of the g- and A-tensors were calculated as follows: aiso =
A1+1‘;2+A3 and giso = g1+g32+93.

b) Copper hyperfine couplings are reported for the *Cu isotope. Simulations consider also
the °Cu isotope with hyperfine couplings that are scaled by the gyromagnetic ratio of

lgn(Bcw)| _ |a(Ecw)]

lgn (G|~ Jaew]

both nuclei: y =

16



Table S9. Simulation parameters of Cu-V and Cu-VI obtained from X- and Q-band EPR and
Q-band ENDOR simulation together with the estimated uncertainties for some parameters
(Figure S8 and S9).

Cu-V Cu-VI
g =[g1, &, gl [2.310£0.002, [2.255+0.002,
2.068+0.003, 2.090+0.01,
2.064+0.002] 2.055+0.005]
Giso " 2.147 2.133
§(63Cu) = [A1, 42, A3] in MHz | [49048, 43£15, 36£15] | [49547, 75420, 85+£20]
A("N) =[41, 42, A3] in MHz [33, 33, 41] [34, 35, 43]
[33, 41, 33] [34, 35, 43]
[34, 43, 35]
[34, 43, 35]
P("'N) = [Py, P>, P;] in MHz [0.8,1.1-1.9] [0.5,1.2,-1.7]
[0.8,-1.9, 1.1] [0.5,1.2,-1.7]
[0.5,-1.7,1.2]
[0.5,-1.7,1.2]
gStrain X:10.02 0.04 0] X:10.02 0.04 0]
Q:10.02 0.02 0] Q:10.02 0.06 0]
Linewidth in mT X:1 X:1
(gaussian peak-to-peak) Q: 1.5 Q: 1.5

a) The isotropic components of the g- and A-tensors were calculated as follows: aiso =
A1+Ay+A3 a dg _91t92+93

iso — .

3 3
b) Copper hyperfine couplings are reported for the *Cu isotope. Simulations consider also

the °Cu isotope with hyperfine couplings that are scaled by the gyromagnetic ratio of
lonC®2cw| _ |acicw)

lgn(Bcw| — JaEcw|

both nuclei: y =

17
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Figure S10. (a) CW X-band (9.43 GHz) EPR spectra of copper bipyridine solutions at several
pH values in black with respective simulations in color. The simulations of the individual
components are shown in blue (Cu-I), green (Cu-III) and magenta (Cu-IV), and the summed
simulation in red. Simulation parameters are listed in Table S10. The relative amounts of the
individual species are listed in Table S11, which is visualized in (b) for Cu-I and Cu-IIL

Spectrometer conditions are described in the Experimental Section.
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Table S10. Simulation parameters of room temperature X-band EPR spectra (Figure S10). The
relative weightings are reported in Table S11.

Simulation parameters of room temperature spectra

Cu-1 Cu-1II Cu-1V
g=[g1, &, 8] [2.284,2.074,2.061] | [2.254,2.055, 2.050] [2.277,2.058, 2.055]
Ziso” 2.140 2.120 2.130
A(®Cu) = [41, Az, 43] | [-525, +43, -36] [-560, -64, -62] [-582, -40, -40]
in MHz ”
aiso(¥Cu) in MHz -173 -229 2221
Linewidth in mT | [4.3,1.1] [2.8, 1.2] [1.0,2.0]
(gaussian and
lorentzian  peak-to-
peak)®
Rotational correlation | (3.5+0.3)*1e-11 (2.5£0.4)*1e-11 (2£0.6)*1e-11
time in s
(isotropic) ©

a) The isotropic components of the g- and A-tensors were calculated as follows: aiso =
A1tAz+A3 . _9g11tg2+g3
— and giso = —s

b) Copper hyperfine couplings are reported for the *Cu isotope. Simulations consider also
the Cu isotope with hyperfine couplings that are scaled by the gyromagnetic ratio of

lgn(Bcw)| _ |a(%cw)]

lgn($cw)| — |a@cw)|

¢) To simulate the motially averaged spectra of the copper bipyridine solutions, the spin
Hamiltonian parameters (i. e. g-values and the Cu hyperfine) were chosen in conjunction
with the ones for the powder pattern simulations and only minimally adjusted.
Subsequently, the rotational correlation time was chosen to reproduce the relative
intensities of the individual features of the oberserved quartets. Lastly, the gaussian and
lorentzian linewidths were adjusted to represent the overall lineshape of the individual

features.

both nuclei: y =

19



Table S11. Relative amounts of the individual copper complexes in copper bipyridine solutions
at several pH values, obtained by X-band EPR simulations (Figure S10).

pH Cu-1 Cu-IIT Cu-1V
6.1 100 % 0% 0%
6.5 100 % 0% 0%
7.0 95 % 5% 0%
7.5 90 % 10 % 0%
8.0 70 % 30 % 0%
8.9 50 % 50 % 0%
10.0 35% 65 % 0%
10.4 30 % 70 % 0%
11.0 20 % 80 % 0%
11.5 10 % 90 % 0%
12.0 5% 95 % 0%
12.4 0% 100 % 0%
12.6 0% 100 % 0%
12.7 0% 100 % 0%
13.79 0% 0% 100 %

9 The EPR spectrum at pH 13.7 was not obtained through the pH titration, but added
individually by using a stronger base.
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Figure S11. Room temperature X-band EPR spectrum of Cu-I in black with simulation in red,
using Cu hyperfine tensors of A = [-525, -43, -36] MHz (top), A = [-525, -43, +36] MHz
(middle) and A = [-525, +43, -36] MHz (bottom), showing that one of the 41 (Cu) values has to
be positive, with a slight favouring of the third case.
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Figure S12. Q-band 'H Davies ENDOR spectra of Cu-I for samples prepared in H>O (black)
and D,0O (blue). The subtraction of the two is depicted is shown in red. Spectrometer Conditions
are listed in the Experimental Section and Table S4.
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Figure S13. Q-band 'H Davies ENDOR spectra of Cu-III for samples prepared in H>O (black)
and D,0O (blue). The subtraction of the two is depicted is shown in red. Spectrometer Conditions
are listed in the Experimental Section and Table S4.
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Figure S14. Q-band 'H Davies ENDOR spectra of Cu-IV for samples prepared in H>O (black)
and D0 (blue), normalized for the number of scans and the VideoGain. The latter one exhibits
barely any 'H resonances, confirming that all protons of Cu-IV are exchangeable due to the

loss of the bipyridine ligand. Spectrometer Conditions are listed in the Experimental Section
and Table S4.
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Figure S15. Q-band 'H Davies ENDOR spectra of Cu-V for samples prepared in H,O (black)
and D>0O (blue). The subtraction of the two is depicted is shown in red. Spectrometer Conditions
are listed in the Experimental Section and Table S4.
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Figure S16. Q-band 'H Davies ENDOR spectra of Cu-VI for samples prepared in H>O (black)
and D>0O (blue). The subtraction of the two is depicted is shown in red. Spectrometer Conditions
are listed in the Experimental Section and Table S4.
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Figure S17. 'H resonances of the exchangeable protons in Cu-I obtained through subtractions
(Figure S12) in black with simulations in red. Simulation parameters are reported in Table
S12. Spectrometer Conditions are listed in the Experimental Section and Table S4.
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Figure S18. 'H resonances of the exchangeable protons in Cu-III obtained through subtractions
(Figure S13) in black. The simulations of the two individual nuclei are depicted in blue and
cyan, with their sum in red. Simulation parameters are reported in Table S12. Spectrometer
Conditions are listed in the Experimental Section and Table S4.
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Figure S19. Q-band 'H Davies ENDOR spectra of Cu-IV in black. The simulations of the two
individual nuclei are depicted in blue and cyan, with their sum in red. Simulation parameters

are reported in Table S12. Spectrometer Conditions are listed in the Experimental Section and
Table S4.
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Figure S20. 'H resonances of the exchangeable protons in Cu-V obtained through subtractions
(Figure S15) in black. The simulations of the two individual nuclei are depicted in blue and
cyan, with their sum in red. Simulation parameters are reported in Table S12. Spectrometer
Conditions are listed in the Experimental Section and Table S4.
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Figure S21. 'H resonances of the exchangeable protons in Cu-VI obtained through subtractions
(Figure S16) in black and simulations in red. Simulation parameters are reported in Table S12.
Spectrometer Conditions are listed in the Experimental Section and Table S4.
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Table S12. Summary of the Simulation Parameters for the '"H ENDOR spectra (Figures S17-

S21).

A('H) =[41, 4>, | Euler angles | Linewidth (full width | ExciteWidth in
A3] in MHz [¢,B,y]in°® at half max) in mT MHz

Cu-1 [+7, -3, -3] [15,0, 0] 0.4 200

Cu-III [+4.9,-4.1,-3; | [25,0,0; 0.6 200
-16.5, -8.0, 0,0, 0]
+7.5]

Cu-lv [+4.3,-3.6,-3.4; | [20,0, 0; 0.6 100 - 1000
-13.5,-5,+8.5] [0,0,0]

Cu-vV [+6, -3, -3; [15,0, 0; 0.6 200
-5.5,-9.5,+7.0] | 30,0, 0]

Cu-VI [+6, -3, -2.8] [50, 0, 0] 0.6 200

9 The reported Euler angles describe the angles between the calculated g-tensor and the
respective hyperfine tensor and are reported in a zyz’ convention.

== Cud Cudll Cuv == Cu-VI
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Figure S22. 'H Davies ENDOR spectra of Cu-I, Cu-III, Cu-V and Cu-VI in D;O showing
only small differences in between the spectra, revealing only negligible differences of the
bipyridine ligand upon pH changes and changes in the copper to bipyridine ratio. Spectrometer
Conditions are listed in the Experimental Section.
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Table S13. Summary of 'H hyperfine couplings originating from HyO ligands found in copper
complexes and proteins.

A =[41, A2, A3] in MHz diso In T in MHz Ref.
MHz
Axial waters
[Cu(H20)s)*" in Tutton salt; axial [+7.79, -3.73, -3.55] +0.17 [+7.62, -3.90, -3.72] !
waters [+7.27, -3.66, -3.24] +0.12 [+7.15,-3.78, -3.36]
Axial water in Amyloid beta peptide A~3 2
Axial water in the octarepeat domain of | n.r.?) ~0 t~2 3
the prion protein
(can’t exclude possibilities of other
exchangeable protons)
axial water in [Cu(H20)6]*" in n.r.? 1.7 2.2 4
mesoporous MCM-41
Axial water in pMMO (Cus) A(g,)~+10 MHz n.r.? n.r.? 5
A(g,)~-5 MHz
Two waters in trigonal bipyramidal Amax~6 n.r.? n.r.? 6
LPMO
Equatorial waters / hydroxos
[Cu(H20)6)*" in Tutton salt; equatorial | [+9.19, -7.42, -4.71] -0.98 [+10.17,-6.44,-3.73] | !
waters [+9.23, -8.01, -4.07] -0.95 [+10.18, -7.06, -3.12]
[+9.45, 8.89, 4.01] 115 [+10.60, -7.74, -2.86]
[+9.98, -7.62, -3.50] 20.38 [+10.36, -7.24, -3.12]
Equatorial water in [Cu(H20)s]*" in n.r.? between | +~4.8 4
mesoporous MCM-41 1.2 and
2.2
Equatorial water in bis(oxazoline) [-10.8, -5.02, +8.6] -2.41 n.r.? 7
copper complex
Equatorial waters in Cu(Il) exchanged | [-5.5, -7.5, +8.5] n.r.? n.r.? 8
zeolites
Equatorial hydroxo in LPMO Amax~10.5 n.r.? n.r.? 6
Equatorial hydroxo in zeolites n.r.? -2.0 [-11.0, -2.5, +13.5] ’

a) Not reported.
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Table S14. Summary of 17O hyperfine couplings originating from HyxO ligands found in copper

complexes and proteins.

A =[41, A2, A3] in MHz aisoin MHz T in MHz Ref.
/
A measured at one field
position
Axial waters
Amyloid beta 1.5(g9)) n.r.? n.r.? 2
Axial water in pMMO (Cus) 1.6 (22) n.r.? n.r.? 10
Axial water in pMMO (Cuc) 3.6 (22) n.r.? n.r.? 10
Axial waters in [Cu(H20)6]** Unsplit at 17O Larmor n.r.? n.r.? 1
frequency [EDNMR]
Cu(II)-doped '"O-water-enriched [0.13, 0.23, -3.81] -1.15 [1.28,1.38, -2.66] 12
potassium zinc sulfate hexahydrate
(Tutton salt) crystals
Axial waters in Cu(Il) exchanged n.r.? -10.0 [2.0, 2.0, -4.0] 8
zeolites (hydrated) (hydrated)
Equatorial waters
Equatorial waters in [Cu(H20)s]*" in ~ [66, 30, 36] 48 n.r.? 13
Tutton salt”
two types of equatorial waters in ®*Cu?" | [-33, -36, -63] MHz -44 [11,8,-19] 14
doped zinc Tutton salt (along g« / gy) (gx=2.03) -35 [5,-13, 8]
[-30, -48, -26] MHz
(gy=2.15)
Equatorial waters in Cu(Il) exchanged | n.r.? -44.5 [8.0, 8.0, -16.0] 8
zeolites (hydrated) (hydrated)
-51.0 [12.0, 12.0, -24.0]
(dehydrated- | (dehydrated-1)
1) [9.5,9.5,-19.0]
-41.0 (dehydrated-2)
(dehydrated-
2)
Equatorial waters in Cu(Il) exchanged | n.r.? -50 [8, 8, -16] 15
zeolites -51 [7,7,-14]
(Framework) | (Framework)
equatorial waters in [Cu(H20)s]*" ~ 50 MHz [EDNMR] n.r.? n.r.? 1
Equatorial, organic ligands coordinating via 70 nuclei
Cu(Il) picolinate:Zn(11) picolinate [27, 29, 59] n.r.? n.r.? 16
Cu(Il) hydroxyquinolate:phtalimide [31, 33, 76] n.r.? n.r.? 17

a) Not reported.

b) First report, later refined and reported in reference .
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Figure S23. Q-band “N/'’O Davies ENDOR spectra of Cu-I for samples prepared in H>O
(natural abundance; black) and H>'7O (blue). The subtraction of the two is depicted is shown in
red, revealing no 'O resonances. Spectrometer Conditions are listed in the Experimental
Section and Table SS.
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Figure S24. Q-band “N/!”0O Davies ENDOR spectra of Cu-III for samples prepared in H,O
(natural abundance; black) and H>'7O (blue). The subtraction of the two is depicted is shown in
red. Spectrometer Conditions are listed in the Experimental Section and Table SS.
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Figure S25. Q-band "“N/!'70O Davies ENDOR spectrum of Cu-IV for samples prepared in H,O
(natural abundance; black) and H>'7O (blue). The subtraction of the two is depicted is shown in
red. The red difference spectrum and the black spectrum for a sample in regular water does not
show any '“N resonances, confirming the absence of the bipyridine ligand. Spectrometer
Conditions are listed in the Experimental Section and Table S5.
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Figure S26. Q-band “N/!'70O Davies ENDOR spectra of Cu-V for samples prepared in H,O
(natural abundance; black) and H>'7O (blue). The subtraction of the two is depicted is shown in
red. Spectrometer Conditions are listed in the Experimental Section and Table SS.
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Figure S27. Q-band *N/!70 Davies ENDOR spectra of Cu-VI for samples prepared in HO
(natural abundance; black) and H>'7O (blue). The subtraction of the two is depicted is shown in
red, revealing no 'O resonances. Spectrometer Conditions are listed in the Experimental
Section and Table SS.
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Figure S28. Q-band '*N Davies ENDOR spectra of Cu-I, Cu-III, Cu-V and Cu-VI showing
similar nitrogen couplings for all complexes. Signal intensities around 32 MHz (*) and above
35 MHz (#) are assigned to copper and proton resonances, respectively. Spectrometer
Conditions are listed in the Experimental Section.
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Figure S29. 70 resonances of Cu-III obtained through subtractions (Figure S24) in black with
simulations in red. Simulation parameters are reported in Table S15. Spectrometer Conditions
are listed in the Experimental Section.

11,760 G x0.5

11,410 G

11,170 G

AN,

10885 G

w

_/\_./\..M

10,390 Gx2

1 1 1 1 1 1 1 1
10 15 20 25 30 35 40 45
Ve IMHz]

Figure S30. Q-band 'O Davies ENDOR spectra of '"O-enriched Cu-IV in black with
simulations in red. Simulation parameters are reported in Table S15. Spectrometer Conditions
are listed in the Experimental Section.
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Figure S31. 70 resonances of Cu-V obtained through subtractions (Figure S26) in black with
simulations in red. Simulation parameters are reported in Table S15. Spectrometer Conditions
are listed in the Experimental Section.

Table S15. Summary of the Simulation Parameters for the N/ 7O ENDOR spectra (Figures
S29-S31).

A(""0) = [41, A2, A3] in Linewidth (full width | ExciteWidth in MHz
MHz at half max) in MHz
Cu-11I [-29, -72, -29; 3 200
-29, -29, -72]
Cu-lv [-34, -34, -70; 4 200
-34, -70, -34]
Cu-V [-39, -66, -39; 4 200
-39, -39, -66]
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Figure S32. W-band EDNMR spectra of !’O-enriched Cu-I, including the raw data with the
fitted central hole in blue (left) and the processed data created through subtraction of both for
the left-hand side (LHS) and right-hand side (RHS) (right). Spectrometer conditions are
reported in the Experimental Section and Table S7.
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Figure S33. W-band EDNMR spectra of Cu-1, including the raw data with the fitted central
hole in blue (left) and the processed data created through subtraction of both for the LHS and
RHS (right). Spectrometer conditions are reported in the Experimental Section and Table S7.
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Figure S34. W-band EDNMR spectra of !7O-enriched Cu-IIl, including the raw data with the
fitted central hole in blue (left) and the processed data created through subtraction of both for
the LHS and RHS (right). Spectrometer conditions are reported in the Experimental Section
and Table S7.
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Figure S35. W-band EDNMR spectra of Cu-III, including the raw data with the fitted central
hole in blue (left) and the processed data created through subtraction of both for the LHS and
RHS (right). Spectrometer conditions are reported in the Experimental Section and Table S7.
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Figure S36. W-band EDNMR spectra of '’O-enriched Cu-IV, including the raw data with the
fitted central hole in blue (left) and the processed data created through subtraction of both for

the LHS and RHS (right). Spectrometer conditions are reported in the Experimental Section
and Table S7.
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Figure S37. Processed W-band EDNMR spectra of Cu-I (black) and '’O-enriched Cu-I (blue),
obtained as shown in Figure S32 and S33. Subsequent subtraction of both spectra (red) yields
intensity mostly on the 'O Larmor frequency (grey, dashed lines), indicating the axial

coordination of water molecules.
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Figure S38. Processed W-band EDNMR spectra of Cu-III (black) and '"O-enriched Cu-III
(blue), obtained as shown in Figure S34 and S35. Subsequent subtraction of both spectra (red)
yields the 7O resonances of equatorial HxO ligands and axial waters, as seen mostly as intensity

on the 170 Larmor frequency (grey, dashed lines).

42



Cudll —LHS

— RHS

weak — Simulation

couplings

strong
couplings

29780 G x2

60 70

30 40
|Av|[MHZ]

Figure S39. 'O resonances of !"O-enriched Cu-III, obtained through W-band EDNMR
subtractions (Figure S38) in blue (LHS) and black (RHS), together with simulations of the
strongly coupled, equatorial '’O nuclei. Simulations were obtained for a single 'O nucleus with
couplings of [-29, -72, -29] MHz, without considering the copper hyperfine with the following
simulation parameters: 6 MHz gaussian broadening, 200 MHz excitation width, GridSize: 20.
Intensity on the 170 Larmor frequency, indicating axial water coordination, is marked by a grey,

dashed line.
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Figure S40. 70O resonances of !"O-enriched Cu-IV, obtained through W-band EDNMR
spectroscopy (Figure S36) in blue (LHS) and black (RHS), together with simulations of the
strongly coupled, equatorial '’O nuclei. Simulations were obtained for a single 7O nucleus with
couplings of [-34, -70, -34] MHz, without considering the copper hyperfine with the following
simulation parameters: 4 MHz gaussian broadening, 200 MHz excitation width, GridSize: 20.
Intensity on the 70O Larmor frequency, indicating axial water coordination, is marked by a grey,
dashed line.
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Computational Studies

Table S16. Calculated EPR parameters of copper bpy complexes DFT-I, DFT-II, DFT-III and

DFT-1V.
g= [gl,gz, g3] A= [A1,A2, A3] in MHz
BCu THY 0

DFT-I [2.179, 2.056, 2.054] [-686, -56, -44] | [-7.7,+9.0, -3.1] [-34, -61, -35]
[-6.1,+7.2,-9.6] [-36, -37, -64]
[-10.4,-4.5, +7.8]
[-3.5,-7.8,49.3]

DFT-1I [2.195, 2.064, 2.063] [-644, 13, -0.3] | equatorial: equatorial:
[-8.0,+8.2, -3.9] [-32, -32, -59]
[-5.8,+7.2,-9.6] [-31, -56, -32]
[-11.1,-5.1, +7.3]
[-4.8,-8.9, +8.1]
axial: axial:
[+5.2,-2.4,-2.4] [1.0,2.5,2.4]
[+5.7,-2.8,-2.7] [1.2,2.7,2.8]
[+6.0, -2.8, -2.9]
[+6.0,-2.9, -2.7]

DFT-III | [2.148,2.046, 2.042] [-725, -108, - [-22.3,-10.8,+7.4] | [-20, -81, -20]

119] [-22.3,-10.8,+7.4] | [-20, -81, -20]
DFT-IV | [2.176,2.051, 2.048] [-718, -110, - [-16.4,-7.2, +7.8] [-30, -73, -29]
114] [-16.3,-7.1, +7.8] [-30, -73, -29]

[-16.4,-7.2,+7.8] [-29, -72, -29]
[-16.3,-7.1, +7.8] [-29, -72, -29]

9 Only the hyperfine couplings of the exchangeable protons are reported.
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a)

Figure S41. a) Structure of Cu-1V after application of O1-Cu-O2 = O3-Cu-0O4 angles of 97.8°
(Cu-1V-97.8), together with b) the resulting dependence of 7 and ais, on the O-Cu-O"™" angle
(O1-Cu-03 and 02-Cu-04).

Table S17. Calculated '’O hyperfine couplings of Cu-IV after application of various O1-Cu-
02 and O3-Cu-O4 angles, showing the influence of a geometry distortion on the EPR
parameters. The other two O-Cu-O angles were freely optimized. The four OH" ligands exhibit
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70O Hyperfine Coupling in MHz
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-257
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-35L

-40¢

135 140 145 150 155 160 165 170 175 180

O-Cu-Oasangle in °

fairly similar 'O couplings. Hence, only one coupling is listed for ease of reading.

Constrained O-Cu-O"" angles A=[41,A42, A3]in | aip in tin
0-Cu-0 angles MHz MHz MHz

Cu-1V- 90.0° 179.891 ~[-27, -73, -28] ~-43/-44 | ~ 14
90.0

179.927
Cu-1V- 93.9° 160.735 ~[-24, -67, -25] ~-40 ~ 14
93.9

160.274
Cu-1V- 97.8° 154.529 ~[-21, -64, -22] ~-37 ~ 14
97.8

154.639
Cu-1V- 101.7° 148.246 ~[-19, -60, -19] ~-34 ~13
101.7

148.057
Cu-1V- 105.6° 140.203 ~[-14, -55, -15] ~-29 ~13
105.6

140.234
Cu-1V- 109.5° 132.561 ~[-9, -49, -11] ~-25 ~12
109.5

132.904
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