Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2016

Molecular Design of Light-Harvesting Photosensitizers: Effect of Varied Linker
Conjugation on Interfacial Electron Transfer

Jianbing JiangT, John R. Swierkt, Svante Hedstrom, Adam J. Matula, Robert H. Crabtree*®, Victor S. Batista**,
Charles A. Schmuttenmaer*and Gary W. Brudvig*
Department of Chemistry and Energy Sciences Institute, Yale University, New Haven, Connecticut, 06520,

USA

Table of Contents

Experimental DEtails .........ccccviiiiiiiiiiiii et e e e e e e e naaeeens S2
Scheme S1: Synthetic Scheme for Rul, Ru2, and Ru3..............ccoooiiiiiiiiiiiniceeee e, S2
Preparation of Rul, Ru2, and Ru3 ... e S2
N T 81010 (S 8 U] 12 218 (o) o FO SRS S4
Transient AbSOrption MeEaSUICIMENLS........c..veeeeiiiieeiiiieeeeiieeeeiteeeeereeeeeireeeeereeeeeareeeeeaaeeeenens S5
Time-Resolved Terahertz (THz) Spectroscopy (TRTS) ...vveieeiiiiieieeeeeeeee e, S5
EleCtrOChEIMISIIY .....eiiieiiiiee ettt e e e e ettt e e e eta e e e ennbeeeennaeeeennseaeens S5
Dye-Sensitized SOlar CelIS ........coouiiiiiiiiie et e e e e v e e e e raee e eereeeens S6
Figure S1: Steady State ADSOIPION SPECIIA ...cccuvvvieeiiiiieeiiiie ettt e e eree e e e e eeaeeeens S6
Figure S2: CV of COMPOUNAS .....eeiuiiiiiiiieiieeiieeeite ettt et e eae e s e e sreeeaaeesnneeesnseeenenas S6
Table S1: Experimental and Calculated Oxidation and Excited State Reduction Potentials...S7
Table S2: Fit Parameters for TRTS SCaNS........coooiiiiiiiiiiiiiiiie e S7
Table S3: DSSC Performance Parameters ..........cocceevvueeriiniiinieniieienieeieesie et S7
DEFT CalCULAtIONS.....ceiiiiiiieeiiiieeeciieeeeiiee e et e e e et e e e staeeeseaaeeesstseeessssseaeassseeeassseessssseessssseeeans S7
Extended Hiickel Dynamics RESULLS ........cccviieiiiiiiiiiiiiiiiciieee e S7
Figure S3: Dye—Ti;,30,56 systems for the injection dynamics calculations.............ccccccueeenneee. S8
Figure S4: Extended Hiickel LUMOSs for Ru, Ru2, and Ru3..............cooooiiiiiiiiiiniieeee, S9
RETEICTICES ...ttt ettt ettt et e st et e st e et S10

S1



Experimental Details

Methods. All chemicals and solvents were commercially available and used as obtained, without further
purification. 'H NMR spectra were recorded at 400 MHz, and '3C NMR spectra were recorded at 100 MHz.
Chemical shifts are reported as ppm from the internal reference tetramethylsilane (TMS). High-resolution mass
spectrometry (HRMS) was performed on a Q-TOF LC—MS with API by direct injection of a methanolic
solution at ~0.5 mg/mL concentration. Steady-state absorption spectra were recorded on a Varian Cary 50 Bio
UV-visible spectrophotometer. Fluorescence spectra were recorded on a Shimadzu RF-5301pc
spectrofluorophotometer. Compounds 1,' 2,2 3, 4,* 5,5 and 6° were prepared according to reported procedures.

Characterization. All compounds were characterized by 'H NMR and HR-MS. The Ruthenium
complexes (esters) were characterized by steady-state absorption and fluorescence spectrometry. 3C NMR
spectra were also recorded for compounds Amidel and Stilb, but not for others due to insufficient solubility.

Scheme S1: Synthetic Scheme for Rul, Ru2, and Ru3.
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Amidel. A solution of 2 (963 mg, 4.20 mmol) in CH,Cl, (5.0 mL) was added to a solution of 4,4'-
di(chlorocarbonyl)-2,2'-bipyridine 1 (556 mg, 2.0 mmol) in CH,Cl, (5.0 mL). A pink precipitate formed
immediately after addition. The mixture was heated to 40 °C and stirred under nitrogen for 16 h. The suspension
was centrifuged, and the supernatant was discarded. The crude residue was washed successively with 1 N HCI,
water and CH,Cl,. The product was dried to afford the title compound as a pink solid. (892 mg, 67%). '"H NMR
(CDCl3), 1.23 (t, J = 7.0 Hz, 12H), 3.93-4.07 (m, 8H), 7.72 (d, J = 12 Hz, 2H), 7.74 (d, J = 12 Hz, 2H), 7.99
(m, 6H), 8.91 (s, 2H), 8.96 (d, J = 4.0 Hz, 2H), 10.97 (s, 2H); 3*C NMR (CD;0D + CDCl;), 19.8, 66.4, 123.2,
124.2, 126.1, 136.5, 146.4, 147.5, 154.0, 160.1, 169.2; ESI-MS obsd 667.1946, calcd 667.2081 [(M + H)", M =
C32H36N4O5P5].

Rul-ester. A solution of Amidel (333 mg, 0.5 mmol) and cis-[Ru(bpy),CL,] (260 mg, 0.5 mmol) in a
solvent mixture of C;HsOH and H,O (30 mL, 9:1, v/v) was stirred at 90 °C under nitrogen for 20 h. The
solvents were removed by rotary evaporation. The dark residue was dissolved in a minimum amount of water
and CH3CN (~2.0 mL, 1:1, v/v) and loaded to a LH20 column. Pure CH3CN was first used to remove the
unreacted cis-[Ru(bpy),Cl,], and then changed to 7% of CH3;OH in CH;CN. The dark orange band was
collected. The solvents were removed by rotary evaporation. The residue was dissolved in a minimum amount
of water (~2.0 mL), and then a saturated solution of NH4PF¢ (~20 mL) was added. The suspension was
centrifuged, and the supernatant was discarded to afford a dark orange solid, which was washed twice with
water. The solid was dried under high vacuum to afford a dark orange powder. (610 mg, 89%). '"H NMR
(DMSO-d), 1.23 (t, J = 8.0 Hz, 12H), 3.93—4.07 (m, 8H), 7.55 (m, 4H), 7.72-7.80 (m, 8H), 7.91-7.99 (m, 8H),
8.17-8.23 (m, 4H), 8.87 (d, J = 8.0 Hz, 4H), 9.39 (s, 2H); ESI-MS obsd 540.1193, calcd 540.1208 (M?*", M =
C52H52N808P2Ru).

Rul. To a solution of Rul-ester (63 mg, 0.051 mmol) in DMF (2.57 mL) was added TMSBr (81.4 pL,
0.617 mmol, 12 eq) under nitrogen. The solution was stirred under nitrogen at 60 °C in the dark for 18 h. DMF
and excess TMSBr were removed under high vacuum at °C. To the orange residue was added a mixture of
solvents (8.0 mL CH;0H + 0.5 mL H,0O) and the mixture was stirred at room temperature for 3 h. Diethyl ether
was added to the reaction mixture, the suspension was centrifuged, and the supernatant was discarded to afford
an orange solid. The solid was dried under high vacuum to afford a dark orange powder (46.4 mg, 80%). 'H
NMR (DMSO-dy), 7.55 (q, J = 8.0 Hz, 4H), 7.66-7.86 (m, 12H), 7.55-7.59 (m, 4H), 8.88 (d, J = 8.0 Hz, 4H),
9.43 (s, 2H), 10.93 (s, 4H); ESI-MS obsd 484.0622, calcd 484.0582 (M?*, M = C44H3¢NgOgP,Ru).

Amide2. A sample of phosphanobenzoic acid 4 (1.032 g, 4.0 mmol) and EDC (1.15 g, 6.0 mmol) in
CH,Cl, (4.0 mL) was stirred at room temperature under nitrogen for 40 min (Solution A). In a separate vial,
diaminodipyridine 3 (372 mg, 2.0 mmol) was dissolved in DMF (3 mL) and stirred for 3 min (Solution B).
Solution B was then transferred via pipette to solution A. The resulting mixture was stirred under nitrogen at
50 °C for 16 h. To the crude mixture was added water, and the precipitate was isolated and washed successively
with 1 N HCI, saturated NaHCOj3 and hexanes. The grey solid was dried to afford the title compound (747 mg,
28%). '"H NMR (CDCl;), 1.24 (t, J = 7.0 Hz, 12H), 4.00—4.12 (m, 8H), 7.88 (d, J = 12.0 Hz, 2H), 7.90 (d, J =
12.0 Hz, 2H), 7.94 (dd, JI = 8.0 Hz, J2 = 3.0 Hz, 2H), 8.62 (d, J = 8.0 Hz, 2H), 8.85 (d, J = 4.0 Hz, 2H), 10.90
(s, 2H); ESI-MS obsd 667.2052, calcd 667.2081 [(M + H)*, M = C3,H37N4O4P;].

Ru2-ester. A solution of Amide2 (11.1 mg, 0.017 mmol) and cis-[Ru(bpy),CL,] (8.7 mg, 0.017 mmol)
in a solvent mixture of ethanol and water (1.0 mL, 9:1, v/v) was stirred at 90 °C under nitrogen for 12 h. The
solvents were removed by rotary evaporation. The crude dark residue was dissolved in a minimum amount of
water and CH;CN (~1.0 mL, 1:1, v/v) and loaded to a LH20 column. Pure CH3CN was first used to remove the
reacted cis-[Ru(bpy),Cl,], and then changed to 7% of methanol in CH3CN. The dark orange band was collected.
The solvents were removed by rotary evaporation. The residue was dissolved in a minimum amount of water
(~1.0 mL), and then a saturated solution of NH4PF¢ (~10 mL) was added. The precipitate was centrifuged, and
the supernatant was discarded to afford a dark orange solid, which was washed twice with water. The solid was
dried under high vacuum to afford a dark orange powder (20 mg, 86%). 'H NMR (DMSO-dy), 1.24 (t, J =
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8.0 Hz, 12H), 4.00-4.10 (m, 8H), 7.48-7.56 (m, 4H), 7.65 (d, J = 8.0 Hz, 2H), 7.71 (d, J = 8.0 Hz, 2H), 7.82—
7.95 (m, 8H), 8.08-8.18 (m, 8H), 8.83 (d, /= 8.0 Hz, 2H), 9.13 (s, 2H); ESI-MS obsd 540.1217, calcd 540.1208
(M2+, M= C52H52N808P2RU.).

Ru2. To a solution of Ru2-ester (25 mg, 0.018 mmol) in DMF (0.91 mL) was added TMSBr (28.9 uL,
0.219 mmol, 12 eq) under nitrogen. The solution was stirred under nitrogen at 60 °C in the dark for 18 h. DMF
and excess TMSBr were removed under high vacuum at 60 °C. To the orange residue was added a mixture of
solvents (4.0 mL CH;OH + 0.5 mL H,0), and the mixture was stirred at room temperature for 6 h. Diethyl ether
was added to the reaction mixture, the suspension was centrifuged, and the supernatant was discarded to afford
an orange solid. The solid was dried under high vacuum to afford a dark orange powder (46.4 mg, 80%). 'H
NMR (DMSO-dy), 7.49-7.56 (m, 4H), 7.65 (d, J = 8.0 Hz, 2H), 7.72 (d, J = 4.0 Hz, 2H), 7.83-7.89 (m, 8H),
8.03-8.05 (m, 4H), 8.12-8.18 (m, 4H), 8.83 (d, J = 8.0 Hz, 2H), 9.14 (s, 2H), 11.31 (s, 4H); ESI-MS obsd
4840602, calcd 484.0582 (M2+, M= C44H36N308P2RU.).

Stilb. To a solution of phosphanomethyldipyridine 5 (182 mg, 0.4 mmol) in THF (2 mL) was added
KOBu (180 mg, 1.6 mmol), and the resulting suspension was stirred under nitrogen for 10 min. Another
solution of phosphanobenzaldehyde 4 (290 mg, 1.2 mmol) in THF (2 mL) was transferred to the former
solution, and the resulting mixture was stirred under nitrogen for 16 h. Hexanes were added to the reaction
mixture, and the precipitate was isolated and washed with water. The solid was dried to afford the title
compound as a grey powder (202 mg, 80%). '"H NMR (CD;0D), 1.34 (t, J = 8.0 Hz, 12H), 4.07-4.20 (m, 8H),
7.46 (d, J = 16.0 Hz, 2H), 7.65 (d, J = 16.0 Hz, 2H), 7.66 (dd, JI = 6.0 Hz, J2 = 2.0 Hz, 2H), 7.79-7.85 (m,
8H), 8.53 (s, 2H), 8.67 (d, J = 8.0 Hz, 2H); 13C NMR (CD;0D + CDCl;), 16.3, 62.6, 118.8, 121.6, 127.1, 128.8,
132.4, 145.6, 149.7, 156.5; ESI-MS obsd 633.2295, calcd 633.2278 [(M + H)*, M = C34H33N,O0¢P-].

Ru3-ester. A solution of Stilb (78.1 mg, 0.123 mmol) and cis-[Ru(bpy),Cl,] (64.2 mg, 0.123 mmol) in a
solvent mixture of C,HsOH and H,O (7.4 mL, 9:1, v/v) was stirred at 95 °C under nitrogen for 20 h. The
solvents were removed by rotary evaporation. The crude dark residue was dissolved in a minimum amount of
water and CH;CN (~2.0 mL, 1:1, v/v) and loaded to a LH20 column. Pure CH3CN was first used to remove the
reacted cis-[Ru(bpy)2Cl12], then changed to 7% of methanol in CH;CN. The dark orange band was collected.
The solvents were removed by rotary evaporation. The residue was dissolved in a minimum amount of water
(~2.0 mL), and then a saturated solution of NH4PF4 (~15 mL) was added. The precipitate was centrifuged, and
the supernatant was discarded to afford a dark orange solid, which was washed twice with water. The solid was
dried under high vacuum to afford a dark orange powder (141 mg, 85%). '"H NMR (CD;0OD), 1.33 (t, J =
8.0 Hz, 12H), 4.08-4.17 (m, 8H), 7.46—7.53 (m, 8H), 7.60 (d, J = 8.0 Hz, 4H), 7.71-7.83 (m, 16H), 7.93 (d, J =
8.0 Hz, 2H), 8.09-8.14 (m, 4H), 8.69 (d, J = 8.0 Hz, 4H), 8.96 (s, 2H); ESI-MS obsd 523.1368, calcd 523.1306
(M2+, M= C54H54N606P2RU).

Ru3. To a solution of Ru3-ester (75 mg, 0.055 mmol) in DMF (2.76 mL) was added TMSBr (87.5 uL,
0.663 mmol, 12 eq) under nitrogen. The solution was stirred under nitrogen at 60 °C in the dark for 12 h. DMF
and excess TMSBr were removed under high vacuum at 60 °C. To the orange residue was added a mixture of
solvents (4.0 mL CH;O0H + 0.5 mL H,0), and the mixture was stirred at room temperature for 5 h. Diethyl ether
was added to the reaction mixture, the suspension was centrifuged, and the supernatant was discarded to afford
an orange solid. The solid was dried under high vacuum to afford a dark orange powder (50.3 mg, 82%). 'H
NMR (DMSO-dy), 7.44-7.90 (m, 22H), 8.14 (t, J = 8.0 Hz, 4H), 8.79 (d, J = 8.0 Hz, 4H); ESI-MS obsd
467.0668, calcd 467.0680 (M?*, M = C4sH3sNsOgP2Ru).

Sample Preparation. TiO, films for transient absorption measurements were prepared on TECI15
fluorine-doped tin oxide (FTO) glass (Hartford Glass Co.). An organic TiO, paste (Solaronix Ti-Nanoxide
T/SP) was doctor-bladed onto the FTO glass using a single layer of Scotch tape as a spacer layer to give a
nominal thickness of 1.2 um and then then dried at 80 °C for 10 min. After drying, the films were then sintered
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in a box furnace at 470 °C for 30 min. The films were sensitized for 16 h in a 0.1 mM solution of dye dissolved
in 5:3 0.1M HCIO4:DMSO. Transient absorption measurements were made in 0.1 M HCIO,.

Samples for THz measurements were prepared on fused quartz substrates as described in detail
elsewhere.” Briefly, TiO, particles were ground with acetic acid, water, and ethanol to form a paste and then
ultrasonicated. o-Terpineol and ethyl cellulose were added as binders and the excess ethanol stripped to give a
paste. The paste was doctor-bladed onto fused quartz substrates (GM associates) using Scotch tape as a spacer.
Each layer was dried at 80 °C before the next layer was added. A total of five layers of TiO, were deposited to
give a nominal film thickness of 6 um. The films were sensitized as above and afterwards sealed using a second
piece of quartz separated by a 60 um Surlyn spacer (Solaronix). 0.1 M HClO4 was introduced into the gap
between the pieces of quartz via vacuum backfilling.

Transient Absorption Measurements. Nanosecond transient absorption measurements were made
using an Edinburgh Instruments LP920 Transient Absorbance Spectrometer. The sample was pumped at
530 nm (2 mJ/pulse) by a Nd:YAG laser (Spectra-Physics INDI-10) passed through an OPO (Spectra-Physics
basiScan M). A pulsed 450 W Xe arc lamp was utilized as the probe source. Prior to the sample, the probe was
filtered through a 450 nm short pass filter. After the sample, the probe light was passed through a
monochromator and into a photomultiplier tube. Changes in absorbance were monitored at 420 nm. Typically
64 shots were averaged and the data were fit to a stretched exponential equation of the form:

Y
Ad=AA, exp{—(—j }+c
’ (s1)

where AA is the change in absorbance at t = 0, ris the lifetime, £ is a stretching parameter (0 < f< 1),
and c is an offset at long times. When £ = 1, the equation becomes a single exponential with an offset. The
lifetime 7 can be used to calculate a rate constant for recombination (k,;,) and a weighted lifetime for
recombination (<7>) can be calculated from:

1 1
= S2
<T> kobsﬂ (ﬂJ ( )

Time-Resolved Terahertz (THz) Spectroscopy (TRTS). The THz spectrometer and technique is
described in detail elsewhere.? Briefly, the 35 fs, 800 nm output of an amplified Ti:sapphire laser (Spectra-
Physics) operating a repetition rate of 1 kHz is split into a THz generation beam, a detection beam, and a pump
beam. The generation beam is frequency doubled and along with the fundamental harmonic focused in air to
generate a plasma.!®!! The pump beam is likewise frequency doubled to 400 nm and adjusted using a variable
neutral density filter to obtain a power of 100 mW (100 pJ/pulse) at a spot size of 10 mm. Before the sample,
the laser is passed through a 5 mm diameter aperture. The forward propagating THz pulse generated by the
plasma is collected and focused using a series of off-axis paraboloidal mirrors. THz radiation is detected with a
ZnTe(110) crystal using free-space electro-optic sampling.!> The instrument response function was given by a
Gaussian function with a full-width at half-maximum of 500 fs and the TRTS scans fit with the following
function:

ATH: = {ATHZO 34 {exp(—t_t"}—l}}@G(FWHM)
T

i=1 i

(S3)
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where THz is a baseline offset, n is the number of exponential terms used in the fit, 4, is the injection amplitude
of a given component, f, is the arrival time of the pump pulse, G(FWHM) represents a normalized Gaussian
instrument response function, and® is a convolution.

Electrochemistry. The ester versions of Rul, Ru2, and Ru3 were dissolved in acetonitrile to give a
10 mM solution. Tetrabutylammonium perchlorate was used as a supporting electrolyte (0.1 M). A platinum
disk electrode was used as the working electrode and a piece of platinum mesh was used as the counter
electrode. A silver wire was utilized as a quasi-reference and the potentials measured relative to ferrocene
(0.64 V vs. NHE). The potential was swept at a rate of 10 mV/s.

Dye-Sensitized Solar Cells. DSSCs were fabricated as previously reported.!?* Briefly, a TiO, blocking
layer was applied to a piece of TEC7 FTO glass (Hartford Glass co.) by immersion in a 40 mM aqueous
solution of TiCl;*THF for 30 min at 80 °C before being crystallized at 570 °C for 10 min. An organic TiO,
paste (Solaronix Ti-Nanoxide T/SP) was doctor-bladed on the substrates using Scotch tape as a spacer layer and
cured at 80 °C for 10 min to give a nominal layer thickness of 4 um. A total of 3 layers were applied to give a
TiO, thickness of approximately 12 um. The films were sintered at 470 °C for 30 min and treated again with
TiCl,*THF as before being immersed in a 0.1 mM dye solution in 5:3 0.1M HCIO4:DMSO for 16 h. Platinum
cathodes were prepared by doctor blading an 8 wt% solution of H,PtClg in ethanol on TEC15 FTO glass and
then annealed at 450 °C for 30 min. The anode and cathode were hot-pressed together using a 60 um Surlyn
spacer (Solaronix) and vacuumed backfilled with electrolyte (Iodolyte HI-30).

The photovoltaic characteristics of the solar cells were tested using a solar simulator fitted with an
AM-1.5 filter and calibrated using a Si reference diode.
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Figure S1: Steady-state absorption spectra (solid line) and emission spectra (dashed lines) of 25 uM Rul-ester,
Ru2-ester, and Ru3-ester in acetonitrile.

S6



— Ru1-ester
— Ru2-ester
— Ru3-ester

05 1 15 2

Voltage (V v. NHE)

Figure S2: Cyclic voltammagrams of Rul-ester, Ru2-ester, and Ru3-ester (10 mM) in acetonitrile (0.1 M
tetrabutylammonium perchlorate). Pt disk working electrode, Pt mesh counter electrode, Ag wire quasi-
referenced to ferrocene (0.64 V vs. NHE).

Table S1: Experimental and Calculated Ground State Potentials for Oxidation vs. NHE and Excited
State Potentials

Experimental Calculated
Evert Ru3+/2+* Eopt Ru3+/2+*
Ruy2t/3+ EO-O Ru3+2+* Ru2t/3+ (Sl) (Sl) (Tl) (Tl)
Rul 1.32 1.95 -0.63 1.39 231 -0.92 1.82 -0.43
Ru2 1.06 2.08 -1.02 1.19 2.55 -1.36 2.05 -0.86
Ru3 1.21 1.93 -0.72 1.20 2.33 -1.13 1.84 -0.64
Electrochemical potentials vs. NHE, E_ values are reported in eV
Table S2: Fit parameters for TRTS scans
Scaling
A T(ps) A, L(ps)  As t3(ps) THz,  fo(ps)  Factor
Rul 0.51 <0.5 0.49 520 0.00 -0.20 0.07
Ru2 0.22 <0.5 0.23 122 0.55 725 0.00 -0.31 0.32
Ru3 0.18 <0.5 0.27 63 0.55 501 0.00 -0.23 0.50
Table S3: Operating parameters for DSSCs
Jyc (A cm?) Voo (mV) FF 1 (%)
Rul 0.61 +£0.02 500 £ 25 0.52 +£0.07 0.16 £0.03
Ru2 0.91 £0.03 506 + 49 0.55+0.11 0.26 £0.07
Ru3 0.79+0.12 486 + 18 0.43 £0.03 0.17 £ 0.04
N719 13.85+0.59 637+0 0.52+0.07 5.23+0.10
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DFT calculations. All DFT calculations were performed with the Gaussian09 software!4 and the B3LYP
exchange—correlation density functional.'> Optimizations of the S, ground state, the T; state, and the oxidized
state were performed with the SDD basis set and effective core potential on ruthenium and the 6-31G(d) basis
set'® on the remaining atom types. The solvent was represented by a polarizable continuum model of DMSO,
using the default settings in Gaussian09. All optimizations were followed by single point calculations with the
SDD[Ru]/6-311+G(d,p)[C,H,N,O,P] triple zeta basis set to obtain the state potentials as well as the distributions
and energies of the molecular orbitals. Linear-response time-dependent DFT calculations using SDD[Ru]/6-
31G(d)[C,H,N,O,P] were used to calculate the Sy — S, vertical excitation.

Electron injection dynamics. The electron injection from dye to TiO, was modeled computationally with a
quantum dynamics simulation based on an extended Hiickel methodology as previously reported.!” The binding
geometry was first obtained from a system with a CH3-POs? anchor group chemisorbed in a bidentate fashion
to the (101) surface of a Ti;O,7H5>" cluster. This was subjected to a structural optimization using the PBE
functional'® and the Def2SV(P) basis set and density fitting basis set,!® with all Ti and O atoms frozen in the
anatase crystal structure, except the 6 atoms closest to the adsorbate which were allowed to structurally relax
together with the methylphosphonate. Using the resulting semi-optimized binding geometry, the 3 dyes in their
Sy geometry were attached to the (101) surface of a Ti;,30,5¢ slab of anatase in its crystal geometry.
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Figure S3. Dye—Ti;,30,56 systems for the injection dynamics calculations. Rul front view, Ru2 side view, Ru3
top-view.

The propagation of the wave function of an electron starting in the adsorbate LUMO was then calculated by
solving the time-dependent Schrédinger Equation:

¥©) = |W(@) =3, <¢k Py |¢k>

w<t>>—zk<¢k

‘P(O)e_ihkt>

¢, > (S4)

Here |¥(0)) is the initial wave function with the wave packet in the adsorbate LUMO, the ¢, are the molecular
orbitals with associated eigenvalues £ that make up the total wave function, obtained from extended Hiickel
calculations using the YaEHMOP software.?’ The wave function at time t, |¥(t)), was calculated in time steps of
1.0 fs for a total of 1000 fs while monitoring the projection of this wave packet on the TiO, basis functions.
Exponential dampening absorbing boundary potentials were placed on the sides and bottom of the TiO, slab to
prevent artificial electron back-transfer events from occurring. These events are known to occur when using
PBCs to calculate the energy levels of the TiO,, and by removing the wave packet from the system when they
reach the orbitals of the marked Ti atoms we can prevent them while measuring the overall injection. The norm
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of the wave packet decreases when the wave packet density reaches an orbital to which the adsorbing potentials
have been applied. To determine the time constant from the dynamics calculations, we fitted an exponential
function of time to the decaying wave packet norm:

t

NormWavePacket (t) = 67 : (SS)

Extended Hiickel calculations tend to describe the electronic structure within a single material well but,
because the semiempircal energy parameters used in the method are referenced to different vacuum states, when
combining two or more types of materials it is important to realign the relevant energy levels. Here, we shifted
the adsorbate molecular orbitals towards higher energies as necessary to confer an injection driving force of the
same magnitude as observed experimentally.

Figure S4. (Top) DFT LUMOs for the ester versions of the dyes. Very good agreement is obtained between the
two methods. (Botfom) Extended Hiicke]l LUMOs for Ru, Ru2, and Ru3 on the Ti;30,s¢ slab.

Marcus—type recombination. An attempt was made at estimating the relative recombination rates with a
Marcus-type hopping equation, assuming a constant donor state potential, £p 702, and a constant coupling, H 4p,
between the TiO, donor state and the dye HOMO acceptor state. This reduces the Marcus prefactor, and yields
the following equation for relative rates:
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K iexp[_(AGl+ﬂ1)+(AG2+ﬁz)
k2 12

43k,T A0 k,T j s AG=Eyp0 ED,TiO2 (S6)

The acceptor HOMO potentials, Eyomo, were obtained from the DFT calculations on the isolated ester versions
of the neutral dyes, while the outer-sphere reorganization energies, A, were obtained by considering the
potentials of four states: 1) the fully optimized oxidized dye, 2) the fully optimized neutral dye, 3) the oxidized
dye at the geometry and non-equilibrium PCM solvent shell of the neutral dye, and 4) the neutral dye at the
geometry and non-equilibrium PCM solvent shell of the oxidized dye. This results in values of A of 0.633,
0.626, and 0.610 eV for Rul, Ru2, and Ru3, respectively. However, the correct recombination rate trend
between the three dyes is only observed for Ep 70, = —5.5 eV vs. vacuum, deeper than physically sensible. It is,
therefore, concluded that the recombination occurs not only via direct hopping from TiO, to the oxidized dye
HOMO, but also through some other mechanism.
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