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Materials

Ethyl 2-methylnicotinate, 10% Palladium on carbon, 6,6′-Dimethyl-2,2′-dipyridyl, 4,4'-

di(furan-2-yl)-6,6'-dimethyl-2,2'-bipyridine chloride, tetrakis(acetonitrile)copper(I) 

hexafluorophosphate, hydrochloric acid, potassium hydroxide, potassium permanganate, 

sulfuric acid, sodium bicarbonate, copper(II) sulfate, ascorbic acid were purchased from 

Sigma–Aldrich and used as received. All other reagents and solvents (analytical reagent grade) 

have been purchased and used without further purification from Alfa Aesar. Glass substrate 

was obtained from Hartford Glass Co. Meltonix film (1170−25) and the Vac’n Fill Syringe 

(65209) were purchased from Solaronix. Micro glass cover slides (18 × 18 mm) were purchased 

from VWR. 

Sample Preparation

Solution samples were prepared by dissolving 1 and 2 or 1-2Et in anhydrous solvent and 

bubble deaerating for at least 15 mins. PMMA samples were prepared by dissolving 0.5 wt% 

PMMA in 3 mL of CHCl3 followed by the addition of 1 mg of 1Et or 2Et. The solution was then 

drop cast on a glass slide followed by slow evaporation. For thin film samples, zirconium oxide 

nanoparticle paste was prepared using a previously published procedure with minor revision.1 

Briefly, 10 mL of Zirconium (IV) propoxide (70% in n-propanol) was added drop-by-drop at 

a rate of 30 mL/hr to a stirring solution of 0.42 mL nitric acid in 60 mL deionized water. The 

resulting solution was continuously stirred for 15 mins followed by heating to 95°C while 

covered with aluminum foil until the volume was reduced to ~23 mL. The solution was then 

transferred to a hydrothermal digestion vessel and heated in an oven at 200°C for 10.5 h. 

Ground carbowax copolymer and water (5% wt) was added to the solution and stirred for 48 h 

prior to doctorblading.

Metal oxide films were prepared by doctor blading the ZrO2 paste on an active area of 1 cm2 

(1 layer Scotch tape) on a  2 × 2.5 cm pieces of glass followed by sintering using a previously 

reported temperature gradient.2,3 The samples for TA and UV-Vis measurements were loaded 

by soaking ZrO2 films in 500 μM solutions of 1 and 2 in MeOH for two hours under nitrogen 

bubbling. A sandwich cell was then prepared by pressure heating Meltonix films between two 
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glass slides, one with ZrO2 and one plain glass. Solvent, either MeOH or CHCl3, was then 

injected using a Vac’n Fill Syringe and the sample sealed using a Meltonix film and small 

piece of micro glass cover slide as described previously.2,3

Surface Coverages on ZrO2 ( in mol cm-2) were estimated with the expression  = 

(A()/ε())/1000 where ε is the molar extinction coefficient in of complexes in MeOH (9900 

for 1 at 483 nm and 8000 M cm-1  for 2 at 480 nm) and A() is the absorbance at the respective 

wavelength.4

Experimental Methods

Absorption Spectra: Data were recorded on an Agilent 8453 UV-visible photo diode array 

spectrophotometer. Solution spectra were obtained using a 1 × 1 cm cuvette. Thin film 

absorption spectra were obtained by placing dry, derivatized ZrO2 slides or PMMA films 

perpendicular to the detection of the beam path. 

Nuclear Magnetic Resonance (NMR): 1H data were recorded using Bruker 400 MHz 

spectrometer were recorded on a Bruker 600 MHz spectrometer at room temperature and all 

were processed using MNOVA software.

Elemental Analysis: C/H/N elemental analysis were performed via sample submission to 

Atlantic Microlabs.

High-Resolution Mass Spectrometry (HR-MS): High-resolution mass spectra in MeOH were 

recorded using an Agilent 6230 TOF MS in positive mode (-ESI). 

Attenuated Total Reflectance-Infrared Spectroscopy (ATR-IR): ATR-IR spectra were recorded 

using a Bruker Alpha FTIR spectrometer (SiC Glowbar source, DTGS detector) with a 

Platinum ATR quickSnap sampling module (single reflection diamond crystal). Spectra were 

acquired from 500 to 4000 cm−1 at a resolution of 4 cm−1. All ATR-IR spectra are reported in 

absorbance with a blank versus atmosphere. 
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Transient Absorption: Transient absorption measurements were performed using a HELIOS 

FIRE transient absorption spectrometer (Ultrafast Systems) coupled to a Vitara-S Coherent 

Ti:sapphire laser and amplified using a 1 kHz Coherent Revolution-50 pump laser. The 

resulting 5 mJ pulse (100 fs full width half max at 800 nm) was then split into a pump and 

probe beam. The pump was directed through an optical parametric amplifier (OPerA Solo from 

Coherent). The pump was passed through a chopper to minimize observed laser line scattering. 

The probe beam was directed through a delay stage and a white light continuum was produced 

by a sapphire crystal. The pump and probe beam were then overlapped on the sample. For 

solution measurements, deaerated solvents were used, and continuous stirring was performed 

on the samples in a 2 mm cuvette during the measurement. For thin films, samples sealed in 

air-free MeOH or CHCl3 were mounted in a clamp stage. Signal was then collected by a CMOS 

detector. Difference spectra and single wavelength kinetics were collected averaging 3 times 

and holding for 2 seconds, with an exponential point acquisition beginning with 0.001 ps steps 

and totaling to 200 points. Data was processed (chip and time-zero correction) using the 

Surface Xplorer software package from Ultrafast Systems. Decay kinetics were fit using mono- 

(equation 1) or biexponential (equation 2) decays with the latter represented by the weighted 

average (equation 3-5) where the weighting term (W) is dictated by the relative amplitude (A) 

of the contributors.

y = A1e-(x/t1) +y0                                      (eq 1)

y = A1e-(x/t1) + A2e-(x/t2)+y0               (eq 2)

W1=(A1×t1)/( A1×t1+ A2×t2)          (eq 3)

W2=(A2×t2)/( A1×t1+ A2×t2)                (eq 4)

 = (W1×t1
2 + W2×t2

2)/( W1×t1+ W2×t2)   (eq 5)

Polarized Visible Attenuated Total Reflectance (p-ATR). p-ATR spectroscopy measurements 

were performed using a custom-built instrument described in previous publications.5,6 Briefly, 

ITO-coated glass slides (Thin Film Devices) were utilized as planar waveguides. A collimated, 

polarized broadband source (a Xe lamp) was coupled into and out of the waveguide using two 
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BK7 (n=1.51) prisms. The two prisms were separated by 42 mm which provided eight total 

internal reflections at the ITO/solution interface. The internal reflection angle was 68°. The 

outcoupled light from the waveguide was directed into a monochromator (Newport MS260i) 

and was detected by a CCD (Andor iDus420A). 

A liquid flow cell was used to exchange solutions in contact with the ITO surface.  

Adsorption isotherms of 1 and 2 binding to ITO were measured using transverse magnetic 

(TM) polarized light and are shown in Figure S17-19. The adsorption isotherms were used to 

establish conditions for preparing films for molecular orientation measurements. These 

conditions are given in Table S7. Estimates of the surface coverage of 1 and 2 in monolayer 

films are given in Table S8. The mean tilt angles of the absorbance dipoles of 1 and 2 in 

monolayer films were measured using polarized ATR spectroscopy.  The method described by 

Mendes et al. was used to correct for the unequal intensities of the interfacial electric fields in 

transverse electric (TE) and TM polarizations.7 In this method, an adsorbed film of 

chromophores with a random molecular orientation (dextrans labeled with fluorescein) with 

respect to the ITO surface is used to normalize the electric field intensity differences. The 

wavelength ranges for the integration of the spectra are given in Table S8.

The surface coverage (𝛤) of adsorbed 1-2 films was estimated from8： 

𝛤 = 𝐴𝑓 [1000 𝑁 𝜀𝑓 (𝐼𝑒/𝐼𝑖)]−1 (4)

where 𝐴𝑓 is the absorbance measured in TM polarization, εf is the molar absorptivity of the 

dye at max MLCT peak in solution (9900 and 8000 L mol-1 cm-1 for 1 and 2, respectively), N 

is the number of total internal reflections, and 𝐼𝑒/𝐼𝑖 is evanescent transmitted interfacial 

intensity per unit incident intensity.  𝐼𝑒/𝐼𝑖 was calculated using the two-phase approximation,9 

using refractive indices of n1 = 1.36 (for methanol) for the superstrate medium, n2 = 1.52 for 

the glass slide,  and ignoring the metal oxide layer and the adsorbed molecular film.

Computational Methodology: All structures were optimized with the B3LYP10–13 functional. 

Note that while typically it is beneficial to include a dispersion correction in the calculations 

on Cu complexes14,15, use of the dispersion for the optimization of structure 2 resulted in a 

large twist between the pyridine groups of the bpy ligand in disagreement with the available 
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crystal structure, which also negatively impacted the calculated UV-Vis spectrum of this 

compound. Therefore, we have opted not to use the dispersion correction in our calculations. 

An SDD pseudopotential and accompanying basis set was used for Cu,16,17 while 6-311G* 

basis set was employed for all other atoms.18 Structure optimizations were performed using 

the implicit SMD19 solvent model (methanol). Frequencies were calculated for all of the 

optimized structures to verify that the structures were true minima with no imaginary 

frequencies. Finally, wavefunction stability tests were performed on all complexes to verify 

the structures had stable wave functions. All DFT calculations were performed with the 

Gaussian 16 software package20 Revision A.03. All complexes were optimized in their 

lowest-energy singlet and triplet electronic states. 

TD-DFT at the B3LYP/SDD(Cu),6-311G* level of theory in methanol (SMD) was employed 

to calculate UV-Vis spectra at the ground-state singlet optimized geometries. Forty lowest-

energy excited states were calculated. Excited states with an oscillator strength greater than 

0.01 and  > 300 nm were analyzed.
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Figure S1. Normalized absorbance spectra for 1 and 2 in MeOH and on ZrO2. 
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Figure S2. Adsorption isotherms for 1 and 2 in MeOH on ZrO2.

Table S1. Fitting parameters for the decay kinetics of 1 and 2 solvated and on ZrO2 in MeOH at 
various wavelengths.

 (nm) A1 τ1 (ps) A2 τ2 (ps) τW (ps)
550 1 70 - - -
650 1 85 - - -
690 1 80 - - -1

700 1 85 - - -
550 1 105 - - -
610 1 90 - - -
650 1 90 - - -2

700 1 85 - - -
550 -0.00208 60 -0.00305 495 490
650 0.00242 45 0.00219 610 610
690 0.00183 45 0.00171 640 640ZrO2-1

700 0.00165 45 0.00148 595 595
550 0.00258 275 0.00377 2005 1980
610 0.0061 270 0.00781 1985 1960
650 0.00488 275 0.00608 2010 1985ZrO2-2

700 0.00258 260 0.00354 1870 1850



S9

550 600 650 700 750
-0.010

-0.008

-0.006

-0.004

-0.002

0.000

0.002
A

Wavelength (nm)

     1 ps
   10 ps
 100 ps
     1 ns
     3 ns
  5.5 ns

a) ZrO2-1

550 600 650 700 750

0.000

0.002

0.004

0.006

A

Wavelength (nm)

     1 ps
     5 ps
   25 ps
 250 ps
     1 ns
     2 ns
  5.3 ns

b)
ZrO2-2

0 2000 4000 6000
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

A

Time (ps)

c) ZrO2-1

0 2000 4000 6000
0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

A

Time (ps)

d) ZrO2-2

Figure S3. Transient absorption spectra (a and b) and decay traces (c and d) for 1 (a and c) and 2 (b 
and d) on ZrO2 at 50% loading in deaerated MeOH. Red lines are for biexponential fits. (λex = 500 nm, 
λabs = 690 nm for 1 and 610 nm for 2) 

Table S2. Fitting parameters for the decay of 1 and 2 solvated and on ZrO2 at 50% loading in MeOH 
(λex = 500 nm).

 (nm) A1 τ1 (ps) A2 τ2 (ps) τW (ps)
1 690 0.00029 432 0.00029 432 430
2 610 0.00177 184 0.0014 1088 1060
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Figure S4. Transient absorption spectra (a and c) and decay traces (c and d) for 1 (a and c) and 2 (b 
and d) in PMMA. Red lines are for biexponential fits. (λex = 500 nm, λabs = 580 nm for 1 and 610 nm 
for 2) 
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Figure S5. Absorbance spectra of 1Et (a) and 2Et (b) in MeOH and CHCl3.  
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Figure S6. Absorbance (a and b) and TA spectra (c and d) of 1 and 1Et in MeOH (λex = 500 nm).    
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Figure S7. Absorbance (a and b) and TA spectra (c and d) of 2 and 2Et in MeOH (λex = 500 nm).    
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Figure S8. Transient absorption spectra of complex 1Et in MeOH (a) and CHCl3 (c) and ZrO2-1 in 
MeOH (b) and CHCl3 (d). (λex = 500 nm)
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Figure S9. Transient absorption spectra of complex 2Et in MeOH (a) and CHCl3 (c) and ZrO2-2 in 
MeOH (b) and CHCl3 (d). (λex = 500 nm)
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Figure S10. Molecular orbital energy diagrams for 1 and 2. Ligand- and metal-based orbitals are 
shown in blue and red, respectively. All orbitals in the energy range between the -8.3 and 1.0 eV 
are shown.

Table S3. Ground state orbitals HOMO-4 to LUMO+3 of structures 1 and 2.

Orbital 1 2

LUMO+3

LUMO+2
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LUMO+1

LUMO

HOMO

HOMO-1

HOMO-2
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HOMO-4
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Table S4. TD-DFT singlet excited states for structure 1. All excited states with an oscillator strength 
(fosc) > 0.01 and  > 300 nm were characterized. Only those hole-particle pairs were considered whose 
contributions add up to ≥ 80%.

Excited 
State 

Excited State Energy and 
Oscillator Strength

MO Label Characteristic

3  = 2.19 eV 
   = 564 nm
fosc = 0.257

HOMO  LUMO
HOMO  LUMO+1 
HOMO-1  LUMO

HOMO-1  LUMO+1

MLCT

11  = 2.89 eV 
   = 428 nm
fosc = 0.027

HOMO  LUMO+2
HOMO  LUMO+3

HOMO-3  LUMO+1
HOMO-4  LUMO

HOMO-4  LUMO+1

MLCT

12  = 2.90 eV 
   = 427 nm
fosc = 0.026

HOMO-4  LUMO
HOMO-4  LUMO+1

HOMO-3  LUMO
HOMO-1  LUMO+2
HOMO-1  LUMO+3

MLCT

13  = 2.92 eV 
   = 423 nm
fosc = 0.012

HOMO-4  LUMO
HOMO-4  LUMO+1

HOMO-3  LUMO
HOMO-3  LUMO+1

HOMO-2  LUMO
HOMO  LUMO+2
HOMO  LUMO+3

MLCT

14  = 2.93 eV 
   =423 nm
fosc = 0.014

HOMO-4  LUMO
HOMO-4  LUMO+1

HOMO-3  LUMO
HOMO-3  LUMO+1
HOMO-2  LUMO+1
HOMO-1  LUMO+2
HOMO-1  LUMO+3

MLCT

17  = 3.24 eV 
   = 382 nm
fosc = 0.013

HOMO-1  LUMO+4
HOMO-1  LUMO+5
HOMO  LUMO+4
HOMO  LUMO+5

LC/MLCT

21  = 3.73 eV 
   = 331 nm
fosc = 0.089

HOMO-3  LUMO+3 MLCT

23  = 3.78 eV 
   = 328 nm
fosc = 0.275

HOMO-6  LUMO
HOMO-6  LUMO+1

HOMO-5  LUMO
HOMO-3  LUMO+4

LC/MLCT
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24  = 3.78 eV 
   = 327 nm
fosc = 0.287

HOMO-6  LUMO
HOMO-6  LUMO+1

HOMO-5  LUMO
HOMO-5  LUMO+1
HOMO-3  LUMO+5

MLCT

31  = 4.09 eV 
   = 302 nm
fosc = 0.082

HOMO-3  LUMO+4 MLCT

Table S5. TD-DFT singlet excited states for structure 2. All excited states with an oscillator strength 
(fosc) > 0.01 were characterized. Only those hole-particle pairs were considered whose contributions add 
up to ≥ 80%.

Excited 
State 

Excited State Energy and 
Oscillator Strength

MO Label Characteristic

1  = 1.80 eV 
   = 688 nm
fosc = 0.017

HOMO-1  LUMO
HOMO-1  LUMO+1

HOMO  LUMO  

MLCT

3  = 2.00 eV 
   = 618 nm
fosc = 0.064

HOMO-1 LUMO
HOMO-1  LUMO+1

HOMO  LUMO

MLCT

11  = 3.07 eV 
   = 403 nm
fosc = 0.010

HOMO-1  LUMO+2
HOMO-1  LUMO+3
HOMO  LUMO+2
HOMO  LUMO+3

MLCT

13  = 3.22 eV 
   = 384 nm
fosc = 0.073

HOMO-1  LUMO+2
HOMO-1  LUMO+3
HOMO  LUMO+2

   HOMO  LUMO+3

MLCT

25  = 3.81 eV 
   = 324 nm
fosc = 0.067

HOMO-6  LUMO
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Figure S11. General depiction of the interligand dihedral angle for the Cu(I) polypyridyl complexes.
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Figure S12. Calculated UV-VIS spectra of 1-2. States with a circle above them represent MLCT 
transitions, while triangle states represent LC states. 

Table S6. Calculated transition dipoles along with the excitation energies and oscillator strengths for 
the dominant MLCT transitions. 

X Y Z  
[nm]

Osc. 
Strength

1 0.036 1.899 -1.082 564 0.574
2 -0.844 -0.038 1.137 618 0.0640

Figure S13. Visualization of transition dipole moment vectors, shown in green originating from the Cu 
center. 
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Figure S14. Singly occupied natural orbitals along with their occupation numbers for the lowest 
energy triplet states of complexes 1 and 2.
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Figure S15. ATR-IR absorbance spectra of neat powder (black) and ZrO2 bound (red) 1 (a) 
and 2 (b).

Figure S16. Calculated IR absorbance spectra of complex 1 in the singlet ground state. 
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Figure S17. Calculated IR absorbance spectra of complex 2 in the singlet ground state. 

Table S7. Conditions used to prepare 1 and 2 on ITO for ATR measurements and Dextran-Fluorescein 
films for normalization of electric field intensities. The wavelength integration range for each 
molecule/measurement is also provided.

Species Conc. (µM) Solvent Time (min)  integrationrange (nm)
1 200 Methanol 60 350-575
2 200 Methanol 60 350-575

Dextran-
Fluorescein 200 Water 60 400-550

Table S8. Transition dipole moment tilt angles, relative to surface normal, and surface coverage of 1 
and 2 on ITO as determined from ATR.

Film Trial Tilt angle (deg) Average Tilt angle (deg) Surface coverage (mol/cm2)
1 46.9
2 48.91
3 45.4

47 ± 2 1.1 x 10-10 (± 0.12)

1 64.2
2 60.02
3 60.0

62 ± 2 9.0 x 10-11 (± 2.3)
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Figure S18. (A) TM-polarized ATR spectra acquired during adsorption of 1 on ITO. The legend 
indicates the number of minutes that the ITO surface was treated with a 200 M methanol solution of 
1 before the spectrum was acquired.  (B) The absorbance at 480 nm vs. time. The pink star is the 
absorbance after the cell was flushed with fresh methanol.  (C) TM- and TE-polarized ATR spectra of 
the adsorbed 1 film after the cell was flushed with fresh methanol. 

Figure S19. (A) TM-polarized ATR spectra acquired during adsorption of 2 on ITO. The legend 
indicates the number of minutes that the ITO surface was treated with a 200 M methanol solution of 
2 before the spectrum was acquired.  (B) The absorbance at 480 nm vs. time. The pink star is the 
absorbance after the cell was flushed with fresh methanol.  (C) TM- and TE-polarized ATR spectra of 
the adsorbed 2 film after the cell was flushed with fresh methanol. 

Figure S20. (A) TM-polarized ATR spectra acquired during adsorption of dextran-fluorescein on ITO. 
The legend indicates the number of minutes that the ITO surface was treated with a 200 M aqueous 
solution of dextran-fluorescein before the spectrum was acquired.  (B) The absorbance at 480 nm vs. 
time. The pink star is the absorbance after the cell was flushed with fresh methanol.  (C) TM- and TE-
polarized ATR spectra of the adsorbed dextran-fluorescein film after the cell was flushed with fresh 
methanol
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Synthesis and Characterization
Complexes 1, 2, and their respective ligands were synthesized following previously published 
procedures.21,22 Complexes 1Et and 2Et were prepared for the first time as described below. 

1ET (Cu(I)bis(Dimethyl 6,6’-diethyl-[2,2’-bipyridine]-4,4’-dicarboxylate) 

Diethyl 6,6'-dimethyl-[2,2'-bipyridine]-4,4'-dicarboxylate (35.9 mg, 0.11 mmol) dissolved in 
10 mL MeCN was bubble deaerated with N2 and then heated to reflux. Cu(MeCN)4PF6 (18 mg, 
0.05 mmol) was then added to the solution which quickly turned dark red. After stirring for 2 
hr at reflux, the reaction was cooled to room temperature. After filtration of any residual solid, 
the filtrate was rotary evaporated until solid. The solid was then dissolved in CH2Cl2 and 
filtered through a plug of silica gel. The resulting solution was evaporated yielding the product 
as a red solid (35 mg, 44% yield). 1H NMR (600 MHz, CDCl3), δ/ppm: 8.76 (4H, s, H2), 8.08 
(s, 4H, H5), 4.52 (8H, q, J = 7.1 Hz, H3), 2.30 (8H, s, H1), 1.49 (12H, t, J = 7.2 Hz, H4). 13C 
NMR (600 MHz, CDCl3), δ/ppm: 164.12, 158.69, 151.98, 140.19, 126.37, 119.55, 62.97, 
25.47, 14.37. HRMS: ESI Positive ion mode m/z calcd: 719.2142, found: 719.2276. Found: C, 
48.3; H, 4.6; N, 5.9. Calc. for CuH40C36N4O8PF6 + CH2Cl2: C, 48.3; H, 4.5; N, 6.1.
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2ET (Cu(I)bis(Dimethyl 6,6’-diethyl-[2,2’-bipyridine]-5,5’-dicarboxylate) 

Complex 2 (0.05 g, 0.0822 mmol) was partially disolved in EtOH (10 mL) and then 0.25 mL 
H2SO4 was added. The mixture was refluxed overnight. Upon cooling, the product was 
extracted with dichloromethane and the organic layer washed with aqueous NaHCO3 and then 
brine. The organic layer was collected and rotary evaporated to dryness. The resulting solid 
was then dissolved in CHCl3 and filtered through a plug of silica gel. The resulting solution 
was evaporated yielding the product as a red solid (0.046 g, 0.0639 mmol). 1H NMR (600 MHz, 
CDCl3), δ/ppm: 8.39 (4H, d, J = 8.2 Hz, H5), 8.31 (4H, d, J = 8.2 Hz, H4), 4.40 (8H, q, J = 7.2 
Hz, H2), 2.91(12H, s, H1), 1.42 (12H, t, J = 7.2 Hz, H3). 13C NMR (600 MHz, CDCl3), δ/ppm: 
166.74, 159.63, 156.85, 139.53, 125.82, 118.82, 77.37, 77.16, 76.95, 61.44, 25.32, 14.44. 
HRMS: ESI Positive ion mode m/z calcd: 719.2142, found: 719.2386. Found: C, 44.7; H, 4.4; 
N, 5.4. Calc. for CuH40C36N4O8PF6 + CHCl3: C, 45.1; H, 4.20; N, 5.7.
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