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SUPPORTING INFORMATION

Copper Bipyridyl Redox Mediators for Dye-Sensitized Solar Cells with High
Photovoltage

Yasemin Saygili, Magnus Soderberg, Norman Pellet, Fabrizio Giordano, Yiming Cao,
Ana Belen Munoz-Garcia, Shaik M. Zakeeruddin, Nick Vlachopoulos, Michele
Pavone, Gerrit Boschloo, Ladislav Kavan, Jacques-E. Moser, Michael Gritzel,
Anders Hagfeldt and Marina Freitag

1. Synthesis of copper 2,2’-dimethyl phenanthroline (Cu(l/ ll)(dmp)zTFSIl/z) (1,2)
Cu(dmp),TFSI,5(1,2) Figure S 1.

For (Cu(dmp),TFSI) (1), 1 eq. of Cul (35 mg, 0.175 mmol) was mixed with 4 eq. of
Neocuproine hydrate (100 mg, 0.7 mmol ) in ethanol, under nitrogen atmosphere, at
room temperature for 2 hours. Complex (1) was collected by filtration and washed
with water and diethyl ether. The resulted complex (1) was obtained as intense red,
crystalline powder. The yield was 90 % (0.16 mmol).

For Cu(dmp),TFSI, (2), Complex (1) (100 mg, 0.13 mmol) was dissolved in
acetonitrile. To this solution, 1 equivalent of NOBF,4 (16 mg, 0.13 mmol) followed by
5 equivalents of LiTFSI (37 mg, 0.65 mmol) were added after 30 min. The solution
was further stirred for 2 hours at room temperature and under nitrogen atmosphere.
The solvent was removed by rotatory evaporation and the crude redissolved in
minimum amount of dichloromethane. Complex (2) was collected by filtration after
precipitation from diethylether and washed with diethyl ether. The yield was 72 %
(0.09 mmol). The product was a bright violet powder.

'"H NMR (400 MHz, acetone d6): & 8.75 (d, J(H-H) = 8.21 Hz, 1H), 8.23 (s, 1H), 7.98
(d, J(H-H)= 8.24 Hz, 1H), 2.52 (s, 3H). MALDI-MS: (1) m/z (%) 473.132

(90)([Cu(dmp), TFSIT"): (2) m/z (%) 479.182 (90) ([Cu(dmp), TFSI]>")



X

1. EtOH, RT, 2h
— e ——
Cul + N 2. LITFSI
| N -
precipitate from
1eq 4eq diethylether

1 Cu(l)dmp,TFSI

+ NOBF, 1. AcN, RT, 1h

2. LiTFSI
- precipitate from
TFSI cichloromethane in
diethylether
TFSI = trifluoromethanesulfonimide 2 Cu(Il)dmp,TFSI,
(OO
F:C. i _N_1n_CF
g -Nig-LFs

Figure S 1 Synthetic procedure for Cu™™(dmp), TFSI;»

2. Synthesis of copper complexes: 6,6'-dimethyl-2,2'-bipyridine
(Cu™®(dmby),TFSI;;,) (3,4) and 4,4',6,6'-tetramethyl-2,2'-bipyridine
(Cu™®(tmby), TFSI;2) (5,6) Cu™P(dmby), TFSI;; or (Cu™(tmby),TFSIy)
3,5) (Figure S 2):

For (Cu(dmby),TFSI) and (Cu(tmby),TFSI) (3,5), one equivalent of Cul (35 mg,
0.175 mmol) was mixed with 3 equivalents of 6,6'-dimethyl-2,2'-bipyridine (120 mg,
0.7 mmol) or 4,4',6,6'-tetramethyl-2,2'-bipyridine (150 mg, 0.7 mmol) in 20 ml
ethanol, under nitrogen atmosphere, at room temperature for 2 hours. The resulted
complex (1) was obtained as intense red, crystalline powder. The product was filtered
and redissolved by addition of 5 ml of deionized water followed by an addition of 5
equivalents of LiTFSI (37 mg, 0.65 mmol). The solution was further stirred for 2
hours at room temperature and under nitrogen atmosphere resulting in red

precipitation. The complex (3,5) was collected by filtration and washed with water.



The yield of the products was 80 % (mol). In both cases product was a bright red
powder.

'"H NMR (400 MHz, acetone d6): & 8.75 (d, J(H-H) = 8.21 Hz, 1H), 8.23 (s, 1H), 7.98
(d, J(H-H)= 8.24 Hz, 1H), 2.52 (s, 3H). MALDI-MS: (3) m/z (%) 431.124
(90)([Cu(dmby), TFSI]"); (5) m/z (%) 487.188 (90) ([Cu(tmby), TFSI]")

For (Cu(dmby),TFSI;) (4) or (Cu(tmby),TFSI;) (6): One equivalent of CuCl, (35
mg, 0.175 mmol) was mixed with 3 equivalents of 6,6'-dimethyl-2,2'-bipyridine (120
mg, 0.7 mmol ) or 4,4',6,6'-tetramethyl-2,2'-bipyridine (150 mg, 0.7 mmol ) in 20 ml
ethanol, under nitrogen atmosphere, at room temperature for 2 hours. The resulted
complex (1) was obtained as green powder. The product was filtered and redissolved
by addition of 5 ml of deionized water followed by an addition of 5 equivalents of
LiTFSI (37 mg, 0.65 mmol). The solution was further stirred for 2 hours at room
temperature and under nitrogen atmosphere resulting in green precipitation. The
complex (3,5) was collected by filtration and washed with water. The average yield
was 70 % (mol). The products were green powders.

'H NMR (400 MHz, acetone d6): & 8.75 (d, J(H-H) = 8.21 Hz, 1H), 8.23 (s, 1H), 7.98
(d, J(H-H)= 8.24 Hz, 1H), 2.52 (s, 3H). MALDI-MS: (4) m/z (%) 431.129 (90)

([Cu(dmby), TFSI*"); (6) m/z (%) 487.197 (90) ([Cu(tmby),TFSI]*)
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Figure S 2 Synthetic procedure for Cu(”“)(dmby)zTFSIl/z) (3,4) and

(Cu™(tmby), TFSI 1) (5,6)

3. Cyclic voltammograms
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Figure S 3.a. Cyclic voltammograms of 5 mM solutions of Cu(dmp), TFSI (red
curves) and Cu(dmp)22+TFSIz (blue curves) in 0.1 M LiTFSI/acetonitrile. Scan
rate 10 mV/s. Dashed lines are voltammograms of the same species but after

adding 4-tert-butylpyridine (12.5 mM concentration). Potentials are referenced



to the Ag/AgCl (sat’d LiCl in ethanol) reference electrode. A standard ferrocene

couple was 0.469 V vs. Ag/AgCl (with no significant influence of TBP addition).
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Figure S 3. b. Cyclic voltammograms of 5 mM solutions of Cu(dmby); TFSI (red
curves) and Cu(dmby)22+TFSIz (blue curves) in 0.1 M LiTFSI/acetonitrile. Scan
rate 10 mV/s. Dashed lines are voltammograms of the same species but after
adding 4-tert-butylpyridine (12.5 mM concentration). Potentials are referenced
to the Ag/AgCl (sat’d LiCl in ethanol) reference electrode. A standard ferrocene

couple was 0.468 V vs. Ag/AgCl (with no significant influence of TBP addition).
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Figure S 3.c. Cyclic voltammograms of 5 mM solutions of Cu(tmby), TFSI (red

curves) and Cu(dmby)z2+ TFSI; (blue curves) in 0.1 M LiTFSI/acetonitrile. Scan



rate 10 mV/s. Dashed lines are voltammograms of the same species but after
adding 4-tert-butylpyridine (12.5 mM concentration). Potentials are referenced
to the Ag/AgCl (sat’d LiCl in ethanol) reference electrode. A standard ferrocene

couple was 0.471 V vs. Ag/AgCl (with no significant influence of TBP addition).
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Figure S4: Right chart: Cyclic voltammograms of S mM solutions of
Cu(tmby)22+TFSIz (red curves) and the same complex after addition of 0.5 or 1
equivalents of ferrocene (blue or black curves, respectively) in 0.1 M
LiTFSl/acetonitrile. Left chart: product of chemical oxidation of
Cu(tmby)22+TFSIz by ascorbic acid (blue corve is for the same solution after

adding ferrocene). Scan rate 10 mV/s.
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Figure S5. UV-Vis spectrum of the actual electrolyte solution (diluted 1000 x

with acetonitrile). For comparison, the spectra of individual components are



shown too. The actual working electrolyte solutions prepared without TBP is
displayed by blue curve. Optical cell thickness 2 mm.

4. Methods and computational details

All the calculations have been performed with the GO9 suite of programs for quantum
chemistry.

The PBEO hybrid DFT approach has been applied in all the calculations together with
SDD ECP-basis set for Cu and TZVP basis set for C, H and N atoms.

The acetonitrile solvent is described by the PCM implicit solvation model with the
last parameterization of non-empirical solvation term known as SMD.

Vertical excitation energies are computed with the TD-DFT approach by considering
the non-equilibrium PCM model to include the solvent effects.

Ground-state minimum-energy structures have been computed considering the default
maximum force and displacement tolerance parameters in Gaussian. Molecular
frequencies have been computed within the harmonic oscillator approximation, and
the thermochemical data are derived at room temperature (298 K) and considering the
most common atom isotopes.

Internal reorganization energies (Ai,) have been computed with a common approach
by considering the Cu(I)L, and Cu(I[)L, minimum-energy structures in solution. A;, is
evaluated in the gas phase as the energy differences of Cu(I) complexes evaluated at

the relaxed geometries that correspond to the initial and final electronic states.



Figure S 7. Cu(I) L, minimum-energy structures, L is dmp (a), dmby (b) and

tmby (c).

Table S1. TD-DFT results: first vertical excitation energies (AE¢.) and

corresponding oscillator strength (f) in acetonitrile solution.

AE,. (nm) f
Cu(dmp),"* 466 0.1996
Cu(dmby)," 474 0.1722
Cu(dmp),"* 463 0.1903




Table S 2. Geometrical features of the minimum-energy structures for Cul,

(L=dmp, dmpy, tmby) complexes in acetonitrile solution.

dmp | dmby | tmby

Cu(I) complexes

distance Cu-N (A) 2.074 | 2.068 | 2.067

angle N;-Cu-N, (°) 81.0 | 80.0 80.0

dihedral N;-C;-C,-N; (°) 0.0 2.6 2.0

Cu(II) complexes

distance Cu-N (A) 2.041 | 2.025 |2.021

angle N;-Cu-N, (°) 81.8 | 81.2 81.3

dihedral N;-N»-Cu-N;” (°) | 0.4 9.0 7.1
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Figure S 8. Current density vs. applied potential curves for the best

[Cu(dmp)z]ﬂ/+2 device employing Y123 dye
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Figure S 9. Current density vs. applied potential curves for the best [Cu(dmby),]™"** device

employing Y123 dye
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5. Computed minimum-energy structures of the Cu complexes in acetonitrile solution

* Cu(I)(dmp),
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* Cu(I)(dmby),
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-1.489750
-2.870767
-3.476121
-3.467448
-2.665282
4.545728
3.476121
-4.545728
-1.328820
1.328820
0.035386
0918121
-0.841639
0.045599
-0.035386
-0.918121
0.841639
-0.045599
-3.254455
-2.935033
-2.915801
-4.344029
3.254455
2.935033
2.915801
4.344029
-0.072425
0.072425
1.012462
-1.012462

3.467448
2.870767
1.489750
0.741330
2.665282
-0.741330
-1.489750
-2.870767
-3.476122
-3.467448
-2.665282
4.545729
3.476122
-4.545729
-1.328820
1.328820
0.000000
0.013589
0.043569
0.042513
0.006704
-0.012385
-0.006704
-0.042513
-0.043569
-0.069296
-0.013589
0.012385
0.012624
0.069296
-0.012624
0.015824
-0.015824
3.254454
2.915802
2.935030
4.344028
-3.254454
-2.915802
-2.935030
-4.344028
0.035393
-0.841632
0.918128
0.045608
-0.035393
0.841632
-0.918128
-0.045608
1.012463
-1.012463
0.072426
-0.072426

2.622825
3.871470
3.962864
2.791095
1.486393
2.791095
3.962864
3.871470
4.770719
2.622825
1.486393
2.518166
4.770719
2.518166
1.584089
1.584089
0.000000
-2.622825
-3.871470
-3.962864
-2.791095
-1.486393
-2.791095
-3.962864
-3.871470
-4.770719
-2.622825
-1.486393
-2.518166
-4.770719
-2.518166
-1.584089
-1.584089
0.116349
-0.432810
-0.453492
0.158628
0.116349
-0.432810
-0.453492
0.158628
-0.116349
0.453493
0.432808
-0.158629
-0.116349
0.453493
0.432808
-0.158629
4.932761
4.932761
-4.932760
-4.932760

« Cu(IT)(dmby),
0.349855 3.440052
0.224214 2.871717
0.082348 1.498315
0.098682 0.731328
0.349280 2.624702

-0.080840 -0.733357
-0.049701 -1.503347
-0.202311 -2.875789
-0.183008 -3.501577
-0.355958 -3.439750
-0.369432 -2.621178
0.438266 4.512337
0.217027 3.495174
-0.455498 -4.510956
-0.256477 -1.293389
0.251518 1.295189
-0.001694 0.000166
3.449365 0.345302
2.890130 0.200567
1.517488 0.055529
0.742540 0.083899
2.625651 0.358634
-0.722191 -0.094154
-1.486331 -0.069552
-2.860391 -0.211539
-3.481927 -0.196060
-3.431356 -0.348697
-2.618058 -0.358220
4.520493  0.438810
3.519935 0.182443
-4.503897 -0.438431
-1.289023 -0.255868
1.298080 0.251612
0.445662 3.198206
1.420822 2.981470
-0.320042 2.773883
0.319572  4.280072
-0.506045 -3.189551
-1.520908 -3.042028
0.183715 -2.704134
-0.302795 -4.260209
-3.192751 -0.479251
-3.065016 -1.495614
-2.696176  0.203117
-4.259543  -0.256688
3.186098 0.490956
3.031185 1.503808
2.699549 -0.203607
4.257656  0.292420
-0.055460 1.041746
0.107313 -1.050092
1.067636 -0.094005
-1.027249  0.075586

aofieoliesfle-eolle -l -NoW - -ReoN oY N oN--RoResl--Je-No WA A--f--J--NoNol--NoRoNo N oo No o Ro RRE- A .. 4. -J--NoNol--No o NoNoRoNo N o Ko!

2.530961
3.784429
3.900581
2.746957
1.402839
2.746384
3.897439
3.780439
4.665440
2.528449
1.402491
2.408502
4.671255
2.404789
1.535768
1.535470
-0.000697
-2.513560
-3.768908
-3.893220
-2.745414
-1.391448
-2.751780
-3.906775
-3.794639
-4.682707
-2.543848
-1.413980
-2.384731
-4.651086
-2.424376
-1.542470
-1.531927
0.031644
-0.412638
-0.621816
0.064192
0.032968
-0.346959
-0.660282
0.045032
-0.045496
0.337981
0.647175
-0.061022
-0.018083
0.364357
0.669785
-0.024903
4.871217
4.866725
-4.865307
-4.875197
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* Cu()(tmby),
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0.036726
0.054553
0.043954
0.011759
0.012269
-0.011759
-0.043954
-0.054553
-0.036726
-0.012269
0.043063
-0.043063
0.000000
0.000000
0.000000
3.459686
2.877510
1.487648
0.742109
2.663425
-0.742109
-1.487648
-2.877510
-3.459686
-2.663425
4.538755
-4.538755
-1.327459
1.327459
-0.000117
0.878809
-0.880733
-0.006290
0.000117
-0.878809
0.880733
0.006290
-3.263721
-2.937960
-2.939347
-4.353091
3.263721
2.937960
2.939347
4.353091
0.062795
-0.062795
1.002954
-1.002954
3.703166
3.363398
3.613389
4.757775
-3.703166
-3.363398
-3.613389
-4.757775
-0.084888
0.775013
-0.983346
-0.072089
0.084888
-0.775013
0.983346
0.072089

3.459983
2.878325
1.488068
0.742263
2.663281
-0.742263
-1.488068
-2.878325
-3.459983
-2.663281
4.539058
-4.539058
-1.327474
1.327474
0.000000
0.061585
0.077664
0.054581
0.017909
0.031543
-0.017909
-0.054581
-0.077664
-0.061585
-0.031543
0.072817
-0.072817
-0.010811
0.010811
3.263526
2.944717
2.932177
4.352880
-3.263526
-2.944717
-2.932177
-4.352880
-0.021061
-0.896301
0.863251
-0.023441
0.021061
0.896301
-0.863251
0.023441
1.003455
-1.003455
0.067317
-0.067317
0.130949
-0.610497
1.112502
-0.045806
-0.130949
0.610497
-1.112502
0.045806
-3.704031
-3.476493
-3.487951
-4.770060
3.704031
3.476493
3.487951
4.770060

2.638217
3.899316
3.964117
2.794567
1.498838
2.794567
3.964117
3.899316
2.638217
1.498838
2.532690
2.532690
1.584956
1.584956
-0.000021
-2.638422
-3.899598
-3.964225
-2.794367
-1.499155
-2.794367
-3.964225
-3.899598
-2.638422
-1.499155
-2.533017
-2.533017
-1.585042
-1.585042
0.132693
-0.434588
-0.424405
0.182234
0.132693
-0.434588
-0.424405
0.182234
-0.133011
0.435994
0.422346
-0.182523
-0.133011
0.435994
0.422346
-0.182523
4.931853
4.931853
-4.931983
-4.931983
-5.143933
-5.871239
-5.619963
-4.928648
-5.143933
-5.871239
-5.619963
-4.928648
5.144530
5.780792
5.729866
4.914091
5.144530
5.780792
5.729866
4.914091

e Cu(II)(tmby),
0.178848  3.445947
0.077458  2.887729
0.000000  1.498553
0.056865 0.736614
0.225517 2.638034
-0.056865 -0.736614
0.000000 -1.498553
-0.077458 -2.887729
-0.178848 -3.445947
-0.225517 -2.638034
0.211680 4.522040
-0.211680 -4.522040
-0.193059 -1.304512
0.193059 1.304512

0.000000  0.000000
3.389933  0.651120
2.844418 0.503966
1.479754  0.232791
0.722788  0.153063
2.588582 0.556331
-0.722788 -0.153063
-1.479754 -0.232791
-2.844418 -0.503966
-3.389933 -0.651120
-2.588582 -0.556331
4.450380 0.838177
-4.450380 -0.838177
-1.274330 -0.329222
1.274330  0.329222
0.301585 3.230799
1.299340 3.100787
-0.413717  2.749637
0.086083  4.298409
-0.301585 -3.230799
-1.299340 -3.100787
0.413717 -2.749637
-0.086083 -4.298409
-3.165202 -0.707687
-2.946002 -1.700348
-2.742177  0.030431
-4.247964 -0.586620
3.165202  0.707687
2.946002 1.700348
2.742177 -0.030431
4.247964  0.586620
-0.121198  1.028447
0.121198 -1.028447
1.025459 0.079194
-1.025459 -0.079194
3.677227  0.626901
3.490345 -0.206822
3.418392 1.544617
4.740359  0.659363
-3.677227 -0.626901
-3.490345  0.206822
-3.418392 -1.544617
-4.740359 -0.659363
-0.030798 -3.733104
0.873135 -3.522555
-0.884133 -3.510580
-0.050053 -4.794801
0.030798  3.733104
-0.873135  3.522555
0.884133  3.510580
0.050053  4.794801

:EI:I:O:I:I:EOII:EOIIIOIII:EI:EIOIIIOII:EOIIEOZ2IIOOOOOOOOOOQZZIIOOOOOOOOOO

2.544675
3.810888
3.898583
2.747465
1.414190
2.747465
3.898583
3.810888
2.544675
1.414190
2.420956
2.420956
1.533762
1.533762
0.002700
-2.545357
-3.812727
-3.900206
-2.747117
-1.413219
-2.747117
-3.900206
-3.812727
-2.545357
-1.413219
-2.423065
-2.423065
-1.531577
-1.531577
0.048849
-0.378770
-0.622184
0.087230
0.048849
-0.378770
-0.622184
0.087230
-0.046988
0.355302
0.636842
-0.075695
-0.046988
0.355302
0.636842
-0.075695
4.865992
4.865992
-4.870466
-4.870466
-5.043878
-5.724998
-5.581536
-4.804332
-5.043878
-5.724998
-5.581536
-4.804332
5.038977
5.617189
5.686145
4.792124
5.038977
5.617189
5.686145
4.792124
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