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Notation and formulas 

 

 

2-(3.5-difluorophenyl)benzoxazole  (dfpboH) 

C13H7F2NO 
 

(dfpbo)2Ir(μ-Cl)2Ir(dfpbo)2 (1) 

C52H24F8Cl2Ir2N4O4 
 

[(dfpbo)2Ir
IV

(μ-O)2Ir
IV

(dfpbo)2](3) 

C52H24F8Ir2N4O6 
 

(dfpbo)2Ir (benzoyl)] (4) 
 

 

 

 

Experimental  
 

 General Considerations   

All solvents were of analytical reagent grade and purified according to 

the standard procedure, 3,5-Difluorobenzoic acid was purchased from 

Matrix, and IrCl3.nH2O was from Seedchem Co.  All other chemicals 

were purchased from Acros and used as received.  NMR spectra were 

measured on a Bruker AVIIIHD-600 MHz or a Mercury 300 MHz NMR 

spectrometer.  UV-vis spectra were obtained from Hitachi U-3900 

Spectrophotometer.  Infrared spectra were recorded on Agilent 

Technologies Model Cary 630 FTIR instruments.  X-ray Absorption 

Near-Edge spectroscopy (XANES) were measured on a X-ray absorption 

measurements of national synchrotron radiation research center (NSRRC, 

Taiwan). 
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 Synthesis   

2-(3.5-difluorophenyl)benzoxazole  (dfpboH) 

Place 200 ml of polyphosphoric acid in a 250 ml of round-bottom 

flask.  Add 5.2667g of 3.5-difluorobenzoic acid and 5.450g of 

aminophenol, and stopper the reaction flask with a glass stopper.  Heat 

the mixture to 120 ℃ for 2 hours, and then to 160 ℃ for 6 hours.  After 

cooling to room temperature, the mixture was slowly poured into pure 

water with well stirring; the precipitate was collected by filtration, 

washed with pure water (3 × 100 ml), and dried to yield a crude product.  

The crude product was purified by column chromatography over silica 

gel using n-hexane-CH2Cl2 (1:1(V/V)) as eluent to obtain 6.545g of 

dfpboH (85% of yield). 
1
H NMR (300 MHz, CDCl3, 298 K; δ (ppm)): 

7.80−7.74 (m, 3H), 7.59−7.56 (m, 1H), 7.41−7.36 (m, 2H), 7.00−6.96 (m, 

1H).  
13

C NMR (75 MHz, CDCl3, 298 K; δ (ppm)): 165.1, 164.9, 161.8, 

161.7, 160.9, 151.0, 141.9, 130.4, 130.3, 130.1, 126.1, 125.2, 120.6, 

110.9, 110.8, 110.7, 110.6, 107.3, 107.0, 106.7.  Anal.  Calcd for 

C13H7F2NO (MW = 231.20): C, 67.53; H, 3.05; N, 6.06.  Found: C, 

67.50; H, 3.08; N, 5.99%.  MS (FAB; m/z): 231.0496 

 

(dfpbo)2Ir(μ-Cl)2Ir(dfpbo)2 (1) 

Place 5.0820 g of 3.5-difluorobenzoic acid (22 mmol) and 3.5258g of 

iridium trichloride (IrCl3∙3H2O, 10 mmol) in a 250 ml of round-bottom 

flask.  Fit the flask with a reflux condenser, and add 160 ml of mixture 

solvent (2-ethoxylethanol: water = 3:1 (v/v)).  Displace the air in the 

flask with oxygen-free nitrogen and then heat the mixture to reflux under 

nitrogen for 8 hours.  After cooling to room temperature, the mixture 

was poured into 20 ml of pure water.  The dimer precipitate was filtered 

off, washed with deionized water, and followed by drying at 60℃ in a 
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vacuum oven.  Dark yellow solid was obtained in a yield of 75% (5.16 

g). 
1
H NMR (300 MHz, DMSO-d6, 298 K; δ (ppm)): 8.18 (d, J = 8.18, 

8.1 Hz, 4H), 7.31 (dd, J = 7.6, 2.7 Hz, 4H), 7.22−7.12 (m, 8H), 6.99 (dt, J 

= 7.1, 1.5 Hz, 4H), 6.14 (dt, J = 9.6, 2.7 Hz, 4H).  
13

C NMR (75 MHz, 

CDCl3, 298 K; δ (ppm)): 174.9, 169.2, 169.1, 167.5, 167.4, 160.3, 160.2, 

158.7, 158.6, 149.1, 140.8, 133.6, 133.5, 133.4, 133.3, 125.1, 124.4, 

118.0, 115.3, 115.0, 110.9, 108.6, 108.4, 107.2, 107.0, 106.8, 31.8, 31.1, 

22.8, 14.3.  Anal.  Calcd for C52H24F8Cl2Ir2N4O4 (MW = 1376.12): C, 

45.38; H, 1.76; N, 4.07.  Found: C, 44.89; H, 1.70; N, 3.98%.  MS 

(FAB; m/z): 1376.0319 

 

[(dfpbo)2Ir
IV
(μ-O)2Ir

IV
(dfpbo)2](3):   

Place 2.000 g of (dfpbo)2Ir(–Cl)2Ir(dfpbo)2 (1.453 mmol) and 3.000 

g of silver carbonate (10.88 mmol) in a flask.  Add 400 ml of acetone, fit 

the flask with a reflux condenser, displace the air in the flask with 

oxygen-free nitrogen and then heat the mixture to reflux under nitrogen 

for 8 hours.  Allow the flask to cool to room temperature, and filter the 

mixture with vacuum.  The solvent of filtrate is removed by a rotary 

evaporator.  Crystallize the product from dichloromethane. Red crystals 

of pure product, [(dfpbo)2Ir
IV

(μ-O)2Ir
IV

(dfpbo)2]． 2CH2Cl2 will be 

obtained in a yield of 98.97 % (2.167 g ). 1H NMR (600 MHz, DMSO-d6): 

δ 6.32-6.35 (m, 4H),  7.04 ( t, JHH = 7.2 Hz, 4H),  7.21-7.24 (m, 4H), 

7.28 (d, JHH = 8.4Hz, 4H), 7.39 (dd, JHH = 7.8, 2.4 Hz,4H), 8.04 ( d, JHH = 

8.4Hz, 4H). 
13

C NMR (150 MHz, CDCl3, 298 K; δ (ppm)): 174.5, 170.5, 

169.0, 158.7, 157.0, 149.6, 148.7, 148.1, 139.9, 139.5, 138.0, 134.6, 

129.6, 126.6, 126.1, 124.0, 122.4, 122.1, 119.1, 118.9, 116.8, 112.1, 111.9, 

110.5, 107.7, 105.5. Anal.  Calcd for C52 H24 F8 Ir2 N4 O6 (MW = 

1337.2): C, 46.71; H, 1.81; N, 4.19.  Found: C, 45.79; H, 1.85; N, 3.98%.  

MS (FAB; m/z): 1338.1 
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(dfpbo)2Ir (benzoyl)] (4): 

Dissolve 0.7535 g of [(dfpbo)2Ir
IV

(μ-O)2Ir
IV

(dfpbo)2]．2CH2Cl2 (0.5 

mmol) in 50 mL of o-dichlorobenzene with swirling, then add 1.06g of 

benzaldehyde.  Displace the air in the flask with oxygen-free nitrogen 

and then heat the mixture to 80℃ under nitrogen for 4 hours.  Allow the 

flask to cool to room temperature.  Transfer the cool solution to a 500ml 

of beaker, and slowly add 100 ml of n-hexane to the solution.  Filter the 

crystals with vacuum, then wash with 50 ml of mixture solvent 

(dichloromethane : n-hexane = 1 : 2 (v/v)).  Pure product, (dfpbo)2Ir 

(benzoyl), could be obtained in a yield of 94.88 % (0.367 g ).  
1
H NMR 

(600 MHz, DMSO-d6): δ 6.68-6.82 (m, 4H),  7.29 ( t, JHH = 7.8 Hz, 5H),  

7.36  ( t, JHH = 7.8 Hz, 4H ), 7.95-8.04 (m, 2H), 8.62 (d, JHH = 8.4 Hz, 

1H), 8.72 (d, JHH = 8.4 Hz, 1H). 
13

C NMR (150 MHz, CDCl3, 298 K; δ 

(ppm)): 174.2, 149.6, 149.5, 148.6, 136.9, 130.0, 129.6, 129.0, 128.6, 

127.7, 126.7, 126.6, 126.5, 126.0, 125.8, 119.1, 118.8, 118.0, 117.5, 112.4, 

112.1, 111.8, 111.7. Anal. Calcd for C33 H17 F4 Ir N2 O4 (FW = 773.7193): 

C, 51.23; H, 2.22; N, 3.62.  Found: C, 50.74; H, 2.29; N, 3.60%.  

 

 

Chlorination of 3  

Safety Note: Due to the high toxicity of chlorine, this experiment must 

be operated under a fume hood, and the excess chlorine gas released from 

the reaction flask must be trapped by alkaline aqueous solution or some 

other kind of absorbent.  

Place 0.3768 g of [(dfpbo)2Ir
IV

(μ-O)2Ir
IV

(dfpbo)2]．2CH2Cl2 (0.25 

mmol) and 50 mL of o-dichlorobenzene in a two-neck round-bottom 

flask , stir the solution until the solid has dissolved, and then chlorine gas 
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is introduced into the reaction mixture.  During the reaction, the reaction 

mixture should be stirred well, and the excess chlorine gas should be 

conducted to a gas trap.  This reaction is quite fast.  After one minute 

of reaction time the red color of [(dfpbo)2Ir
IV

(μ-O)2Ir
IV

(dfpbo)2] will 

disappear, and the crystals of [(dfpbo)2Ir
IV

(μ-Cl)2Ir
IV

(dfpbo)2] is forming.        

Transfer the reaction solution to a 500ml of beaker, and slowly add 

100 ml of n-hexane to the solution.  Filter the crystals with vacuum, then 

wash with 50 ml of mixture solvent (dichloromethane : n-hexane = 1 : 2 

(v/v)).  The product has been identified by NMR (Figure S1, lower), IR 

(Figure S2, lower), and MS (Figure S3, lower) which are identical to 

those of the initial material, complex 1 (Figure S1~S3, upper).  By 

monitoring the reaction progress of the chlorination of 3, we can see that 

all of the complex 3 have been transferred into 

[(dfpbo)2Ir
IV

(μ-Cl)2Ir
IV

(dfpbo)2] without side reaction.  However, with 

some operational loss, a yield of 98.5 % (0.3389 g) was achived.  

 

 X-Ray Structure Determinations   

The diffraction data of complexes 3 and 4 were collected on a Bruker 

SMART APEX CCD diffract meter with graphite-monochromatized Mo 

Kα X-ray radiation (λ = 0.71073 Å ) at 105 K.  All the calculations for 

the structure determination were carried out using SHELXTL package 

(version 5.1).  The positions of the heavy atoms, including the iridium 

atoms were located by the direct method.  The remaining atoms were 

found in a series of alternating difference Fourier maps and least-square 

refinement. 
 
Crystal data for 3: Orthorhombic space group C c c a, a = 

14.2793(4) Å , b = 16.5304(5) Å , c = 23.6000(8) Å , V = 5570.6(3) Å
3
, T = 

150 K, Z = 4, ρcalc = 1.797, F(000) = 2888  R1 = 0.0406, wR2 = 0.0796, 

GOF = 1.159 for 172 parameters and 2863 unique data.  For 4: 

monoclinic space group P 21/c, a = 15.8657(17) Å , b = 20.210(2) Å , c = 
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8.2946(8) Å, β = 102.559(4)°, V = 2596.0(5) Å
3
, T = 150 K, Z = 4, ρcalc = 

1.980 , F(000) = 1496, R1 = 0.0731, wR2 = 0.1817, GOF = 1.083 for 391 

parameters and 5311 unique data.  Basic information pertaining to 

crystal parameters and structure refinement has been summarized in 

Table S1.  Selected bond distances and angles have been listed in Table 

S2.
 

Crystallographic data for the structural analysis has been deposited 

with the Cambridge Crystallographic Data Centre as supplementary 

publication numbers CCDC # 1428133 and 1428135. Copies of the data 

can be obtained, free of charge, on application to CCDC, 12 Union Road, 

CambridgeCB2 1EZ, UK [fax: +44(0)-1223-336033 or e-mail: 

deposit@ccdc.cam.ac.uk] 

 

 X-Ray absorption near edge structure (XANES)   

A Si (111) double crystal monochromator was employed for energy 

scanning.  Fluorescence data were obtained at room temperature using 

an Ar-filled ionization chamber detector, each sample was scanned 3 

times for averaging.  A normalized X-Ray absorption near edge structure 

(XANES) spectrum at the Ir L3-edge for complex 1and complex 3 

(Figure S4) shows that the iridium atoms of complex 3 have a higher 

oxidation state than that of complex 1, and the XANES spectrum for 

complex 3 and complex 4 ( Figure S5) shows that the iridium atoms of 

complex 4 have a lower oxidation state than that of complex 3. 

 

 Theoretical Calculations   

Theoretical calculations were performed with the program package 

Gaussian 03 by
 
using Becke’s three-parameter B3LYP for C, H, F, and N,

 

and the LANL2DZ basis set for the Ir element.  Vibrational analyses 

were performed to classify stationary points as local minima (zero 

mailto:deposit@ccdc.cam.ac.uk
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imaginary frequencies) or transition states (one imaginary frequency).  

All energies given are zero-point corrected.  Partial charges were 

calculated according to the Mulliken, APT (atomic polar tensors), and 

NPA (natural population analysis) approaches, respectively.  The 

coordinates of atoms of complexes were directly gotten from X-ray 

crystallography and used as initial geometry structures for optimization.  

The results of calculation including electronic and zero-point energies, 

thermal energies, enthalpies and free energies for all the materials used 

were summarized on Table S3.  The thermal properties (ΔE, ΔH, ΔG, 

and ΔS) for the reaction of complex 1 with silver carbonate or potassium 

carbonate were summarized on Table S4.  Thermal properties (ΔE, ΔH, 

ΔG, and ΔS) of the main cycle by using various carbonate were 

summarized on Table S5. The atomic coordinates (angstroms) of 

complex 1 were listed on Table S8.  The detailed thermochemistry 

parameters of complex 1 were listed on Table S9.  The detailed thermal 

Energies, enthalpies, and free energies of complex 1 were listed on Table 

S10. The atomic coordinates of complex 3 were listed on Table S11.  

The detailed thermochemistry parameters of complex 3 were listed on 

Table S12.  The detailed thermal energies, enthalpies, and free energies 

of complex 3 were listed on Table S13. 

  

 Kinetics Studies   

The reaction temperature was well controlled in a silicon oil bath 

under constant temperature  (±1℃).  For the key reaction of core cycle, 

complex 3 is the only product in solution, and has typical absorption 

peaks at 415, 437, and 486 nm distinct from that of complex 1.  

Therefore, uv-visible spectrometer was adopted to monitor the progress 

of key reaction.  Figure S6 is the uv-visible spectra of the standard 

solutions having the compositions composed of complex 1 and complex 3 
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in various ratios (%).  In Figure S6, we can see that the absorbance of 

standard solutions at wavelength of 415, 437, and 486 nm are varied from 

the composition of solution, but the absorbance of a solution is also 

dependent on the concentration of a solution.  So, the spectra of standard 

solutions were normalized by the absorbance at wavelength of 415 nm 

(Figure S7).  The normalized standard spectra are more suitable for 

experiments to avoid the operational error resulting from the inaccurate 

concentration of the experimental samples.  From the normalized spectra, 

we can see that the absorbance at 486 nm and 437 nm have the obvious 

variation in the composition of standard solutions; therefore, the 

absorbance ratio of 486 nm to 415 nm (A485/A415) or 437 nm to 415 nm 

(A437/A415) can be used to calibrate the concentration ratio of complex 

1 to 3 in the reaction mixtures (Table S5). The calibration lines were 

showed in Figure S8. 

To realize the activation energy (Ea) of the reaction for complex 1 

with carbonate, complex 1 in o-dichlorobezene were reacted with silver 

carbonate under several kinds of experimental condition, in which an 

excess amount of silver carbonate was used to keep the concentration of 

carbonato to be constant in solution.  The reaction progress of those 

reaction were showed in Figure S9, and the experimental data were 

summarized in Table S6, by which we can see that the reaction is a first 

order to complex 1, and the activation energy is 20.11 KJ/mol (4.81 

kcal/mol).  

 

 Splitting Carbonate to Release Carbon Monoxide  

To evaluate the efficiency of the reaction for complex 1 with 

carbonato to release carbon monoxide, an apparatus was used for the 

reaction of 0.05 M of complex 1 in o-dichlorobenzene with silver 

carbonate or potassium carbonate under 150℃ of reaction temperature 
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( Figure S10).  The carbon monoxide collected in the apparatus of 

Figure S10 was identified by the reaction of the gas with cuprous 

chloride solution (Figure S11) and by the reaction of the gas with 

Tollens’s reagent (Figure S12 ).  The reaction progress for the reaction 

of 5 mmol of complex 1 with 40 mmol of silver carbonate was shown at 

Figure S13, and the reaction progress for a reaction of 3.03 mmol of 

complex 1 with 25 mmol of potassium carbonate was shown at Figure 

S14. 
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Figure S1 NMR spectrum of complex 1 (upper) and of the product 

produced from the chlorination of complex 3 (lower)  
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Figure S2. IR spectrum of complex 1 (upper) and of the product 

produced from the chlorination of complex 3 (lower)   
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Figure S3 MS spectrum of complex 1 (upper) and of the product 

produced from the chlorination of complex 3 (lower)  
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Table S1.  Crystal data for complexes 3 and 4 

 

Complex 3 4 
empirical formula C54 H28 Cl4 F8 Ir2 N4 O6 C33 H17 F4 Ir N2 O4 

fw 1507.00 773.69 

temp [K] 150(2)  150(2) 

radiated used (λ[Å]) 0.71073 0.71073 

cryst size [mm3] 0.46 x 0.40 x 0.20 0.33 x 0.10 x 0.05 

cryst syst Orthorhombic Monoclinic 

space group C c c a P 21/c 

a [Å ] 14.2793(4)  15.8657(17) 

b [Å ] 16.5304(5) 20.210(2) 

c [Å ] 23.6000(8) 8.2946(8) 

α [deg] 90 90 

β [deg] 90 102.559(4) 

γ [deg] 90 90 

V [Å 3], Z 5570.6(3), 4 2596.0(5) , 4 

ρcalcd [g.cm-3] 1.797 1.980 

μ [㎜-1] 5.043 5.218 

F(000) 2888 1496 

scan rang θ [deg] 3.20 to 26.42 3.22 to 26.41 

no. of total refins 32520 29664 

no. of unique refins 2863 [R(int) =  0.0434] 5311 [R(int) =  

0.1062] 

no. of data/restraints/ 
params 

2863 / 0 / 172 5311 / 0 / 391 

goodness-of-fit on F2 1.159  1.083 

R1, wR2 [I>σ2(I)] 0.0406 and 0.0796 0.0731 and 0.1817 

R1, wR2 (all data) 0.0520 and 0.0842 0.0964 and  0.2109 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S2.  Selected bond distance (Å ) and bond angles for complexes 3 
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and 4.  

 

3 
Ir-C(13) 2.020(5) Ir-C(13)#1 2.020(5) 

Ir-N#1 2.044(5) Ir-N 2.044(5) 

Ir-O(2) 2.163(3) Ir-O(2)#2 2.163(3) 

C(13)-Ir-C(13)#1 90.3(3) C(13)-Ir-N#1 95.6(2) 

C(13)#1-Ir-N#1 80.4(3) C(13)-Ir-N 80.4(3) 

C(13)#1-Ir-N 95.6(2) N#1-Ir-N 174.3(2) 

C(13)-Ir-O(2) 169.00(19) C(13)#1-Ir-O(2) 97.47(19) 

N#1-Ir-O(2) 93.40(12) N-Ir-O(2) 91.06(12) 

C(13)-Ir-O(2)#2 97.47(19) C(13)#1-Ir-O(2)#2 169.00(19) 

N#1-Ir-O(2)#2 91.06(12) N-Ir-O(2)#2 93.40(12) 

O(2)-Ir-O(2)#2 76.0(2)   

Symmetry transformations used to generate equivalent atoms: 

#1 x+0,-y+1/2,-z+1/2    #2 -x+2,-y+1/2,z    #3 -x+3/2,-y+1,z 

    

4 
Ir-C(26) 2.011(11) Ir-C(13) 2.019(11) 

Ir-N(2) 2.022(8) Ir-N(1) 2.044(9) 

Ir-O(3) 2.198(7) Ir-O(4) 2.222(7) 

Ir-C(27) 2.572(11) C(26)-Ir-C(13) 87.3(5) 

C(13)-Ir-N(2) 97.2(4) C(26)-Ir-N(2) 80.4(4) 

C(13)-Ir-N(1) 79.9(4) C(26)-Ir-N(1) 101.8(4) 

C(26)-Ir-O(3) 102.8(4) N(2)-Ir-N(1) 176.2(3) 

N(2)-Ir-O(3) 87.6(3) C(13)-Ir-O(3) 169.4(4) 

C(26)-Ir-O(4) 161.2(4) N(1)-Ir-O(3) 94.9(3) 94.9(3) 

N(2)-Ir-O(4) 92.3(3) C(13)-Ir-O(4) 110.9(4) 

O(3)-Ir-O(4) 59.3(3) N(1)-Ir-O(4) 86.4(3) 

C(13)-Ir-C(27) 140.9(4) C(26)-Ir-C(27) 131.8(4) 

N(1)-Ir-C(27) 90.2(4) N(2)-Ir-C(27) 90.5(4) 

O(4)-Ir-C(27) 30.2(3) O(3)-Ir-C(27) 29.1(3) 
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Figure S4. A normalized X-Ray absorption near edge structure (XANES) 

spectrum at the Ir L3-edge for complex 1 (lower) and complex 3 (upper)  
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 Figure S5. A normalized X-Ray absorption near edge structure (XANES) 

spectrum at the Ir L3-edge for complex 3 (upper) and complex 4 (lower)   
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Table S3. The calculation data (ZPE, thermal energies, enthalpies and free energies) of the materials used 

 
complex 1 complex 3 Ag2CO3 AgCl K2CO3 KCl CaCO3 CaCl2 Cl2 CO O2 CO2 

co
rr

ec
ti

o
n
 

(H
ar

tr
ee

) 

ZPE 0.3443 0.3475 0.0153 0.0007 0.0155 0.0006 0.0155 0.0018 0.0011 0.0046 0.0033 0.0109 

E 0.4029 0.4041 0.0221 0.0035 0.0223 0.0034 0.0223 0.0065 0.0037 0.0070 0.0056 0.0136 

H 0.4038 0.4050 0.0231 0.0044 0.0233 0.0044 0.0233 0.0075 0.0046 0.0079 0.0066 0.0145 

G 0.2497 0.2553 -0.0194 -0.0236 -0.0176 -0.0229 -0.0176 -0.0253 -0.0210 -0.0146 -0.0158 -0.0099 

S
u
m

 o
f 

el
ec

tr
o
n
ic

 

an
d
 E

n
er

g
ie

s 

(H
ar

tr
ee

) 

ZPE -3537.134 -3657.454 -555.302 -160.7538 -320.143 -43.1622 -320.1432 -66.5956 -29.8421 -113.2732 -150.2490 -188.5292 

E -3537.075 -3657.397 -555.295 -160.751 -320.136 -43.1593 -320.1364 -66.5909 -29.8395 -113.2709 -150.2467 -188.5265 

H -3537.075 -3657.396 -555.294 -160.750 -320.135 -43.1584 -320.1354 -66.5899 -29.8386 -113.2699 -150.2457 -188.5256 

G -3537.229 -3657.546 -555.337 -1607782 -320.176 -43.1856 -320.1763 -66.6227 -29.8642 -113.2924 -150.2681 -188.5500 

E
le

ct
ro

n
ic

 a
n
d
 

 

E
n

er
g
ie

s 

co
rr

ec
te

d
 

(H
ar

tr
ee

) 

ZPE -3536.790 -3657.106 -555.287 -160.753 -320.128 -43.1616 -320.1277 -66.5939 -29.8411 -113.2686 -150.2458 -188.5183 

E -3536.673 -3656.993 -555.273 -160.748 -320.114 -43.1559 -320.1141 -66.5843 -29.8358 -113.2639 -150.2410 -188.5130 

H -3536.671 -3656.991 -555.271 -160.746 -320.112 -43.1540 -320.1122 -66.5825 -29.8340 -113.2620 -150.2392 -188.5111 

G -3536.979 -3657.291 -555.356 -160.802 -320.194 -43.2085 -320.1939 -66.6480 -29.8851 -113.3070 -150.2838 -188.5599 

T
h

er
m

al
 

p
ro

p
er

ti
es

 

co
rr

ec
te

d
 

(K
C

al
/M

o
le

) 

ΔE
O

 73.42 70.97 8.59 3.46 8.56 3.56 8.56 5.97 3.27 2.96 2.97 3.36 

ΔH
O

 74.61 72.15 9.78 4.64 9.74 4.74 9.74 7.15 4.46 4.14 4.15 4.54 

ΔG
O

 -118.66 -115.55 -43.54 -30.53 -41.53 -29.42 -41.53 -33.97 -27.63 -24.06 -23.86 -26.04 
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Table S4. Thermal properties (ΔE, ΔH, ΔG, and ΔS) for the reaction: 

Complex 1+ Carbonate → Complex 3 + Carbon Monoxide + Chloride  
 

 

 

 

 

 

 

 

 

Table S5. Thermal properties (ΔE, ΔH, ΔG, and ΔS) for the main cycle  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

Parameters   

Carbonate used 

Thermal properties (KCal/Mol) 

ΔE ΔH ΔG ΔS 

Silver  carbonate -1.17 1.20 -38.46 0.13 

Potassium  carbonate -0.94 1.43 -38.26 0.13 

Calcium  carbonate -2.09 -0.90 -13.39 0.04 

Parameters   

Carbonate used 

Thermal properties (KCal/Mol) 

ΔE ΔH ΔG ΔS 

Silver  carbonate 0.98 3.35 -37.80 0.14 

Potassium  carbonate 1.21 3.58 -37.60 0.14 

Calcium  carbonate 2 0.06 1.25 -12.73 0.05 
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 Figure S6. The uv-visible spectra of the standard solution composed of 

complex 1 and complex 3 
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Figure S7.  The normalized spectra of the standard solutions composed 

of complex 1 and complex 3 
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Table S6. The absorbance ratio (A485/A415 and A437/A415) of standard 

solutions composed of complex 1 and complex 3 in o-dichlorobenzene  

 

[3] (%) [1] (%) A486/A415 A437/A415 

0 100 0.093370 0.584557 

10 90 0.116988 0.610578 

20 80 0.147871 0.639124 

30 70 0.181941 0.669658 

40 60 0.219445 0.702157 

50 50 0.259569 0.736836 

60 40 0.296551 0.770060 

70 30 0.336440 0.805761 

80 20 0.379855 0.843423 

90 10 0.422931 0.882820 

100 0 0.470040 0.925068 
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Figure S8. Calibration lines for checking the composition of the solution 

composed of complex 1 and complex 3  
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Figure S9.   Reaction progress for the reactions that complex 1 in 

o-dichlorobezene reacted with silver carbonate.  (a) 1x10
-3

M of 1 at 333 

K, (b) 2x10
-3

M of 1 at 333 K, (c) 1x10
-3

M of 1 at 343 K, and (d) 2x10
-3

M 

of 1 at 343 K.  An excess amount of silver carbonate was used to keep 

the concentration of carbonato to be constant in solution.  The 

concentration of complex 3 formed was calculated from the Uv/Vis 

absorption spectra.   
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Table S7. The kinetic data of the complex 1 with silver carbonate to form 

complex 3  

 

[1]
o
 (μM) 

a
 100 200 100 200 

Temperature (K)
 b

 333 333 343 343 

A437/A415 
c
 0.585882 0.586908 0.588875 0.590310 

[3] (%) 
d
 3.94 4.24 4.82 5.24 

[3] (μM) 
d
 3.94 8.48 4.82 10.48 

[1] (μM) 
d
 96.06 191.52 95.18 189.52 

ln{[1]
o
/[ 1]} 0.0402 0.0433 0.0494 0.0538 

k (s
-1

) x 10
6
 4.46 (k1) 4.81 (k2) 5.48 (k3) 5.98 (k4) 

 

k3/k1 = 1.2292  k4/k2 = 1.2426 

Ea1= 19.60 KJ/mol Ea2= 20.63 KJ/mol 

Ea (average) = 20.11 KJ/mol 
 

a
 Initial concentration of complex 1, 

b 
Reaction temperature (Kelvin), 

c
 

Absorbance ratio (A437 / A415) of reaction mixture after 150 minutes of 

reaction time, 
d
 The concentration of reaction mixture after 150 minutes 

of reaction time. 
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Figure S10. An apparatus for splitting carbonate into carbon monoxide.  

The reactant mixture was placed in flask A and heated with silicon oil 

bath, the carbon monoxide formed was collected in a collecting pipe (B), 

and the pressure inside the collecting pipe was balanced by adjusting the 

water level of bottle (C) to keep the pressure inside the collecting pipe in 

1 atm.  Before the reaction, the tube connecting the valve of flask A and 

the collecting pipe was fully filled with water.  The carbon monoxide 

formed was identified by the reaction of the gas in collecting pipe B with 

cuprous chloride solution (D). 
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Figure S11.  The carbon monoxide collected by an apparatus (Figure 

S10) was identified by the reaction of the gas with cuprous chloride 

solution ( 0.4 M CuCl(aq) in 0.75 M HCl, a solution with green in color) 

(left).  The cuprous chloride solution could react with carbon monoxide 

to form a complex, Cu(CO)Cl(H2O)2, having a blue color (right).  

  

       

 

Figure S12. The carbon monoxide collected by an apparatus (Figure S10) 

could also be identified by the reaction of the gas with Tollens’s reagent 

( [Ag(NH3)2]
+
 , a clear colorless solution ) (left).  The Tollens’s reagent 

could react with carbon monoxide to result in the precipitation of silver. 

(right).  
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Figure S13. The reaction progress for the reaction of 5 mmol of complex 

1 with 40 mmol of silver carbonate, where the maximum volume of 

carbon monoxide (theoretically) is 112 ml, and reaction progress in 

percentage was calculated based on the ratio of the volume collected at 

the reaction time to the maximum volume. 
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Figure S14. The reaction progress for the reaction of 3.03 mmol of 

complex 1 with 25 mmol of potassium carbonate, where the maximum 

volume of carbon monoxide (theoretically) is 67.83 ml, and reaction 

progress in percentage was calculated based on the ratio of the volume 

collected at the reaction time to the maximum volume. 
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Table S8.  The Atomic Coordinates (angstroms) of Complex 1  

 Center 

Number 
Element 

Coordinates (Angstroms) 

X Y Z 

1 F -6.266801 1.942190 4.449822 

2 F -4.034070 -1.814361 2.268193 

3 O -2.993070 3.988231 0.583140 

4 N -2.064112 2.046358 -0.118586 

5 C -1.517300 3.041748 -0.925441 

6 C -0.625803 3.143956 -1.982460 

7 C -0.348739 4.273014 -2.532051 

8 C -0.941681 5.381784 -2.055973 

9 C -1.790972 5.516571 -1.091133 

10 C -2.116497 4.316367 -0.477537 

11 C -2.917683 2.627381 0.733994 

12 C -3.648379 1.768719 1.621093 

13 C -4.574936 2.066606 2.608555 

14 C -5.375965 1.470674 3.517178 

15 C -4.968713 0.226253 3.161696 

16 C -4.118735 -0.418308 2.282171 

17 C -3.342602 0.371703 1.397119 

18 F 6.266801 1.942190 -4.449822 

19 F 4.034070 -1.814361 -2.268193 

20 O 2.993070 3.988231 -0.583140 

21 N 2.064112 2.046358 0.118586 

22 C 1.517300 3.041748 0.925441 

23 C 0.625803 3.143956 1.982460 

24 C 0.348739 4.273014 2.532051 

25 C 0.941681 5.381784 2.055973 

26 C 1.790972 5.516571 1.091133 

27 C 2.116497 4.316367 0.477537 

28 C 2.917683 2.627381 -0.733994 

29 C 3.648379 1.768719 -1.621093 

30 C 4.574936 2.066606 -2.608555 

31 C 5.375965 1.470674 -3.517178 

32 C 4.968713 0.226253 -3.161696 

33 C 4.118735 -0.418308 -2.282171 

34 C 3.342602 0.371703 -1.397119 
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35 Ir -1.958072 0.000000 0.000000 

36 F -6.266801 -1.942190 -4.449822 

37 F -4.034070 1.814361 -2.268193 

38 O -2.993070 -3.988231 -0.583140 

39 Cl 0.000000 0.000000 1.728204 

40 N -2.064112 -2.046358 0.118586 

41 C -1.517300 -3.041748 0.925441 

42 C -0.625803 -3.143956 1.982460 

43 C -0.348739 -4.273014 2.532051 

44 C -0.941681 -5.381784 2.055973 

45 C -1.790972 -5.516571 1.091133 

46 C -2.116497 -4.316367 0.477537 

47 C -2.917683 -2.627381 -0.733994 

48 C -3.648379 -1.768719 -1.621093 

49 C -4.574936 -2.066606 -2.608555 

50 C -5.375965 -1.470674 -3.517178 

51 C -4.968713 -0.226253 -3.161696 

52 C -4.118735 0.418308 -2.282171 

53 C -3.342602 -0.371703 -1.397119 

54 Ir 1.958072 0.000000 0.000000 

55 F 6.266801 -1.942190 4.449822 

56 F 4.034070 1.814361 2.268193 

57 O 2.993070 -3.988231 0.583140 

58 Cl 0.000000 0.000000 -1.728204 

59 N 2.064112 -2.046358 -0.118586 

60 C 1.517300 -3.041748 -0.925441 

61 C 0.625803 -3.143956 -1.982460 

62 C 0.348739 -4.273014 -2.532051 

63 C 0.941681 -5.381784 -2.055973 

64 C 1.790972 -5.516571 -1.091133 

65 C 2.116497 -4.316367 -0.477537 

66 C 2.917683 -2.627381 0.733994 

67 C 3.648379 -1.768719 1.621093 

68 C 4.574936 -2.066606 2.608555 

69 C 5.375965 -1.470674 3.517178 

70 C 4.968713 -0.226253 3.161696 

71 C 4.118735 0.418308 2.282171 

72 C 3.342602 -0.371703 1.397119 
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Table S9.  The Detailed Thermochemistry Parameters of Complex 1 

Thermochemistry 

Temperature   298.150 Kelvin.  Pressure   1.00000 Atm 

Rotational temperatures (Kelvin) 0.00187 0.00136 0.00115 

Rotational constants (GHZ) 0.03897 0.02829 0.02387 

Zero-point vibrational energy 216.07778 (Kcal/Mol) 

Vibrational temperatures (Kelvin) 

22.10 27.22 27.71 36.86 37.48 

43.49 53.09 53.78 57.08 61.57 

64.03 76.15 76.73 82.97 86.11 

90.63 116.34 118.94 119.42 122.56 

131.46 132.59 138.00 145.97 153.12 

171.79 213.00 214.25 214.69 221.03 

250.81 252.21 254.27 259.58 262.51 

263.90 270.27 287.70 314.29 315.60 

316.44 316.93 332.36 346.78 347.43 

347.79 364.13 364.73 384.88 385.19 

388.86 388.88 393.90 394.36 446.75 

448.07 448.81 449.81 476.93 477.38 

483.00 483.17 498.20 498.32 501.47 

501.77 519.10 519.81 522.73 522.74 

530.45 532.70 559.66 560.59 576.41 

576.80 587.84 588.40 596.84 597.28 

600.65 601.62 660.51 667.76 668.35 

676.64 731.84 732.00 734.35 734.47 

744.06 744.36 745.12 745.23 776.84 

776.89 777.00 777.48 778.38 779.40 

787.63 787.73 810.64 810.81 811.41 

811.96 840.21 840.52 842.24 842.47 

944.77 945.31 947.89 948.16 978.01 

978.34 982.19 982.59 983.37 983.79 

986.35 986.73 1032.16 1033.44 1045.89 

1046.77 1093.19 1093.76 1095.04 1095.79 

1111.04 1111.88 1121.71 1122.58 1154.67 

1154.96 1166.27 1168.52 1244.27 1244.45 

1250.21 1251.01 1361.31 1362.45 1362.64 

1362.77 1471.33 1471.90 1494.11 1495.05 
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1556.04 1556.94 1557.38 1557.45 1645.01 

1645.87 1646.63 1647.50 1717.22 1717.26 

1723.33 1723.36 1811.70 1811.94 1815.23 

1816.83 1845.56 1846.26 1848.65 1849.19 

1963.85 1963.94 1966.86 1967.70 1989.16 

1990.03 2006.90 2008.78 2043.35 2043.36 

2047.46 2047.49 2104.94 2105.08 2105.91 

2107.10 2176.48 2177.48 2178.83 2180.12 

2217.82 2218.18 2219.13 2219.16 2295.86 

2296.90 2301.11 2303.20 2479.17 2479.35 

2479.48 2479.65 2631.27 2631.38 2631.39 

2631.96 2678.41 2678.78 2679.00 2679.27 
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Table S10. The detailed thermal energies, enthalpies, and free energies of complex 1 

Zero-point correction 0.344342 (Hartree/Particle) 

Thermal correction to Energy 0.402892 

Thermal correction to Enthalpy 0.403836 

Thermal correction to Gibbs Free Energy 0.249714 

Sum of electronic and zero-point Energies -3537.133991 

Sum of electronic and thermal Energies -3537.075440 

Sum of electronic and thermal Enthalpies -3537.074496 

Sum of electronic and thermal Free Energies -3537.228618 

 E (Thermal) CV S 

KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin 

Total 252.819 218.367 324.377 

Electronic 0.000 0.000 0.000 

Translationa 0.889 2.981 47.480 

Rotational 0.889 2.981 37.877 

Vibrational 251.041 212.405 239.020 

Vibration  1 0.593 1.986 7.158 

Vibration  2 0.593 1.986 6.745 

Vibration  3 0.593 1.986 6.709 

Vibration  4 0.593 1.985 6.143 

Vibration  5 0.593 1.985 6.109 

Vibration  6 0.594 1.984 5.815 

Vibration  7 0.594 1.982 5.419 

Vibration  8 0.594 1.982 5.393 

Vibration  9 0.594 1.981 5.275 

Vibration 10 0.595 1.980 5.126 

Vibration 11 0.595 1.980 5.048 

Vibration 12 0.596 1.976 4.705 

Vibration 13 0.596 1.976 4.690 

Vibration 14 0.596 1.974 4.536 

Vibration 15 0.597 1.973 4.462 

Vibration 16 0.597 1.972 4.361 

Vibration 17 0.600 1.962 3.870 

Vibration 18 0.600 1.961 3.826 

Vibration 19 0.600 1.961 3.819 

Vibration 20 0.601 1.959 3.768 

Vibration 21 0.602 1.955 3.630 
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Vibration 22 0.602 1.955 3.614 

Vibration 23 0.603 1.952 3.536 

Vibration 24 0.604 1.948 3.426 

Vibration 25 0.605 1.944 3.333 

Vibration 26 0.609 1.933 3.110 

Vibration 27 0.617 1.905 2.697 

Vibration 28 0.618 1.904 2.686 

Vibration 29 0.618 1.904 2.682 

Vibration 30 0.619 1.899 2.627 

Vibration 31 0.627 1.874 2.388 

Vibration 32 0.627 1.873 2.378 

Vibration 33 0.628 1.871 2.363 

Vibration 34 0.629 1.866 2.324 

Vibration 35 0.630 1.864 2.303 

Vibration 36 0.631 1.862 2.293 

Vibration 37 0.633 1.857 2.249 

Vibration 38 0.638 1.840 2.133 

Vibration 39 0.646 1.813 1.972 

Vibration 40 0.647 1.812 1.964 

Vibration 41 0.647 1.811 1.960 

Vibration 42 0.647 1.810 1.957 

Vibration 43 0.653 1.794 1.871 

Vibration 44 0.658 1.778 1.795 

Vibration 45 0.658 1.777 1.792 

Vibration 46 0.658 1.776 1.790 

Vibration 47 0.664 1.758 1.709 

Vibration 48 0.665 1.757 1.706 

Vibration 49 0.673 1.733 1.612 

Vibration 50 0.673 1.732 1.611 

Vibration 51 0.674 1.728 1.594 

Vibration 52 0.674 1.728 1.594 

Vibration 53 0.676 1.722 1.572 

Vibration 54 0.676 1.721 1.570 

Vibration 55 0.699 1.654 1.360 

Vibration 56 0.700 1.652 1.355 

Vibration 57 0.700 1.651 1.352 

Vibration 58 0.701 1.650 1.348 

Vibration 59 0.714 1.613 1.253 
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Vibration 60 0.714 1.612 1.251 

Vibration 61 0.717 1.604 1.232 

Vibration 62 0.717 1.604 1.232 

Vibration 63 0.724 1.583 1.183 

Vibration 64 0.724 1.583 1.183 

Vibration 65 0.726 1.578 1.173 

Vibration 66 0.726 1.578 1.172 

Vibration 67 0.735 1.553 1.119 

Vibration 68 0.735 1.552 1.117 

Vibration 69 0.737 1.548 1.108 

Vibration 70 0.737 1.548 1.108 

Vibration 71 0.741 1.537 1.085 

Vibration 72 0.742 1.533 1.079 

Vibration 73 0.757 1.494 1.004 

Vibration 74 0.758 1.492 1.002 

Vibration 75 0.766 1.469 0.960 

Vibration 76 0.767 1.468 0.959 

Vibration 77 0.773 1.452 0.932 

Vibration 78 0.773 1.451 0.930 

Vibration 79 0.778 1.438 0.910 

Vibration 80 0.779 1.437 0.909 

Vibration 81 0.781 1.432 0.901 

Vibration 82 0.781 1.431 0.898 

Vibration 83 0.817 1.341 0.769 

Vibration 84 0.822 1.330 0.754 

Vibration 85 0.822 1.329 0.753 

Vibration 86 0.827 1.316 0.737 

Vibration 87 0.864 1.231 0.637 

Vibration 88 0.864 1.231 0.637 

Vibration 89 0.866 1.227 0.633 

Vibration 90 0.866 1.227 0.632 

Vibration 91 0.872 1.212 0.617 

Vibration 92 0.872 1.212 0.616 

Vibration 93 0.873 1.210 0.615 

Vibration 94 0.873 1.210 0.615 

Vibration 95 0.895 1.162 0.565 

Vibration 96 0.895 1.162 0.565 

Vibration 97 0.895 1.162 0.565 
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Vibration 98 0.895 1.161 0.564 

Vibration 99 0.896 1.159 0.563 

Vibration100 0.897 1.158 0.562 

Vibration101 0.903 1.145 0.550 

Vibration102 0.903 1.145 0.549 

Vibration103 0.919 1.110 0.517 

Vibration104 0.919 1.110 0.517 

Vibration105 0.920 1.109 0.516 

Vibration106 0.920 1.108 0.515 

Vibration107 0.941 1.066 0.478 

Vibration108 0.941 1.066 0.478 

Vibration109 0.942 1.063 0.475 

Vibration110 0.943 1.063 0.475 
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Table S11.  The Atomic Coordinates (angstroms) of Complex 3 . 

Center 

Number 
Element 

Coordinates (Angstroms) 

X Y Z 

1 F -6.060135 1.621320 4.094580 

2 F -3.754028 -1.871480 2.026627 

3 O -2.747337 3.908160 0.7256854 

4 N -1.804904 2.041400 -0.067775 

5 C -1.339398 3.096320 -0.844703 

6 C -0.508343 3.183640 -1.943975 

7 C -0.261311 4.436800 -2.464683 

8 C -0.842479 5.583760 -1.912567 

9 C -1.697809 5.515320 -0.823214 

10 C -1.923422 4.257440 -0.328955 

11 C -2.634531 2.565320 0.803377 

12 C -3.405613 1.703920 1.657999 

13 C -4.360898 2.175920 2.560559 

14 C -5.074863 1.210680 3.231693 

15 C -4.889232 -0.125080 3.066389 

16 C -3.912528 -0.531000 2.173748 

17 C -3.128595 0.313880 1.396819 

18 F  6.060135 1.621320 -4.094580 

19 F  3.754028 -1.871480 -2.026627 

20 O  2.747337 3.908160 -0.725685 

21 N  1.804904 2.041400 0.067775 

22 C  1.339398 3.096320 0.844703 

23 C  0.508343 3.183640 1.943975 

24 C  0.261311 4.436800 2.464683 

25 C  0.842479 5.583760 1.912567 

26 C  1.697809 5.515320 0.823214 

27 C  1.923422 4.257440 0.328955 

28 C  2.634531 2.565320 -0.803377 

29 C  3.405613 1.703920 -1.657999 

30 C  4.360898 2.175920 -2.560559 

31 C  5.074863 1.210680 -3.231693 

32 C  4.889232 -0.125080 -3.066389 

33 C  3.912528 -0.531000 -2.173748 

34 C  3.128595 0.313880 -1.396819 
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35 Ir -1.703520 0.000000 0.000000 

36 F -6.060135 -1.621320 -4.094580 

37 F -3.754028 1.871480 -2.026627 

38 O -2.747337 -3.908160 -0.725685 

39 O  0.000000 0.000000 1.332350 

40 N -1.804904 -2.041400 0.067775 

41 6 -1.339398 -3.096320 0.844703 

42 6 -0.508343 -3.183640 1.943975 

43 C -0.261311 -4.436800 2.464683 

44 C -0.842479 -5.583760 1.912567 

45 C -1.697809 -5.515320 0.823214 

46 C -1.923422 -4.257440 0.328955 

47 C -2.634531 -2.565320 -0.803377 

48 C -3.405613 -1.703920 -1.657999 

49 C -4.360898 -2.175920 -2.560559 

50 C -5.074863 -1.210680 -3.231693 

51 C -4.889232 0.125080 -3.066389 

52 C -3.912528 0.531000 -2.173748 

53 C -3.128595 -0.313880 -1.396819 

54 Ir  1.703520 0.000000 0.000000 

55 F  6.060135 -1.621320 4.094580 

56 F  3.754028 1.871480 2.026627 

57 O  2.747337 -3.908160 0.725685 

58 O  0.000000 0.000000 -1.332350 

59 N  1.804904 -2.041400 -0.067775 

60 C  1.339398 -3.096320 -0.844703 

61 C  0.508343 -3.183640 -1.943975 

62 C  0.261311 -4.436800 -2.464683 

63 C  0.842479 -5.583760 -1.912567 

64 C  1.697809 -5.515320 -0.823214 

65 C  1.923422 -4.257440 -0.328955 

66 C  2.634531 -2.565320 0.803377 

67 C  3.405613 -1.703920 1.657999 

68 C  4.360898 -2.175920 2.560559 

69 C  5.074863 -1.210680 3.231693 

70 C  4.889232 0.125080 3.066389 

71 C  3.912528 0.531000 2.173748 

72 C  3.128595 -0.313880 1.396819 
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Table S12.  The Detailed Thermochemistry Parameters of Complex 3 

Thermochemistry 

Temperature   298.150 Kelvin.  Pressure   1.00000 Atm 

Rotational temperatures (Kelvin) 0.00183 0.00156 0.00134 

Rotational constants (GHZ) 0.03823 0.03252 0.02792 

Zero-point vibrational energy 218.03894 (Kcal/Mol) 

Vibrational temperatures (Kelvin) 

20.57 22.12 31.57 32.78 33.35 

39.03 46.92 51.89 55.98 69.30 

70.58 75.39 81.27 83.39 88.82 

114.56 114.78 115.31 117.25 120.83 

124.87 137.90 152.14 173.55 187.02 

203.23 212.96 222.96 241.39 254.35 

257.97 261.90 265.39 267.16 281.49 

287.95 318.30 337.89 340.32 347.08 

355.40 371.85 373.37 379.14 379.36 

385.25 387.67 389.31 449.29 460.78 

470.26 470.92 473.40 473.52 479.05 

481.83 482.62 482.84 491.16 495.00 

497.94 498.09 500.54 501.20 512.51 

520.68 536.13 545.80 548.57 563.26 

567.63 571.90 577.47 598.29 608.78 

609.28 609.92 627.76 649.04 661.66 

668.08 669.84 669.86 730.26 730.97 

731.15 731.38 731.81 735.35 735.89 

738.41 755.57 758.18 772.56 773.96 

775.35 776.09 782.01 784.10 785.39 

803.49 806.07 807.59 817.06 833.30 

834.47 847.00 848.61 850.29 867.40 

944.26 950.11 952.52 967.08 977.92 

978.07 981.90 983.15 983.63 986.20 

987.96 991.66 1033.64 1035.82 1042.31 

1053.33 1089.99 1092.17 1096.31 1105.97 

1108.45 1108.98 1113.56 1128.59 1157.10 

1158.79 1165.57 1181.63 1244.66 1251.28 

1251.63 1254.63 1369.21 1372.70 1373.20 

1373.92 1469.50 1476.61 1484.52 1485.14 
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1553.44 1553.45 1554.49 1560.86 1649.37 

1651.19 1653.28 1654.33 1709.58 1710.05 

1718.27 1736.28 1803.27 1805.90 1806.12 

1807.59 1841.56 1842.20 1845.36 1845.90 

1956.38 1957.23 1958.09 1966.25 1975.82 

1990.05 1996.20 2014.05 2045.02 2045.99 

2051.96 2052.76 2093.78 2094.44 2095.68 

2097.71 2189.30 2190.51 2190.89 2192.11 

2194.53 2194.74 2196.39 2212.83 2287.01 

2293.01 2296.49 2331.16 2447.62 2448.70 

2451.57 2456.46 2592.53 2592.55 2592.64 

2595.43 2645.15 2645.24 2646.94 2649.82 
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Table S13. The detailed thermal energies, enthalpies, and free energies of complex 3 

Zero-point correction 0.347467 (Hartree/Particle) 

Thermal correction to Energy 0.404060 

Thermal correction to Enthalpy 0.405004 

Thermal correction to Gibbs Free Energy 0.255323 

Sum of electronic and zero-point Energies -3657.453916 

Sum of electronic and thermal Energies -3657.397324 

Sum of electronic and thermal Enthalpies -3657.396380 

Sum of electronic and thermal Free Energies -3657.546060 

 E (Thermal) CV S 

 KCal/Mol Cal/Mol-Kelvin Cal/Mol-Kelvin 

Total 253.551 215.194 315.029 

 Electronic 0.000 0.000 0.000 

 Translational 0.889 2.981 47.395 

 Rotational 0.889 2.981 37.601 

 Vibrational 251.774 209.232 230.032 

 Vibration  1 0.593 1.986 7.301 

 Vibration  2 0.593 1.986 7.157 

 Vibration  3 0.593 1.985 6.450 

 Vibration  4 0.593 1.985 6.376 

 Vibration  5 0.593 1.985 6.342 

 Vibration  6 0.593 1.984 6.029 

 Vibration  7 0.594 1.983 5.664 

 Vibration  8 0.594 1.982 5.464 

 Vibration  9 0.594 1.981 5.314 

 Vibration 10 0.595 1.978 4.891 

 Vibration 11 0.595 1.978 4.855 

 Vibration 12 0.596 1.977 4.725 

 Vibration 13 0.596 1.975 4.576 

 Vibration 14 0.596 1.974 4.526 

 Vibration 15 0.597 1.973 4.401 

 Vibration 16 0.600 1.963 3.900 

 Vibration 17 0.600 1.963 3.896 

 Vibration 18 0.600 1.963 3.887 

 Vibration 19 0.600 1.962 3.855 

 Vibration 20 0.601 1.960 3.796 

 Vibration 21 0.601 1.958 3.731 
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 Vibration 22 0.603 1.952 3.537 

 Vibration 23 0.605 1.945 3.346 

 Vibration 24 0.609 1.932 3.090 

 Vibration 25 0.612 1.923 2.946 

 Vibration 26 0.615 1.912 2.787 

 Vibration 27 0.617 1.905 2.698 

 Vibration 28 0.620 1.897 2.610 

 Vibration 29 0.625 1.882 2.460 

 Vibration 30 0.628 1.871 2.362 

 Vibration 31 0.629 1.868 2.336 

 Vibration 32 0.630 1.864 2.308 

 Vibration 33 0.631 1.861 2.283 

 Vibration 34 0.632 1.859 2.270 

 Vibration 35 0.636 1.846 2.174 

 Vibration 36 0.638 1.840 2.132 

 Vibration 37 0.648 1.809 1.949 

 Vibration 38 0.655 1.788 1.842 

 Vibration 39 0.655 1.785 1.829 

 Vibration 40 0.658 1.777 1.794 

 Vibration 41 0.661 1.768 1.752 

 Vibration 42 0.667 1.748 1.672 

 Vibration 43 0.668 1.747 1.665 

 Vibration 44 0.670 1.740 1.638 

 Vibration 45 0.670 1.739 1.637 

 Vibration 46 0.673 1.732 1.611 

 Vibration 47 0.674 1.729 1.600 

 Vibration 48 0.674 1.727 1.592 

 Vibration 49 0.701 1.650 1.350 

 Vibration 50 0.706 1.635 1.309 

 Vibration 51 0.711 1.622 1.276 

 Vibration 52 0.711 1.621 1.273 

 Vibration 53 0.712 1.618 1.265 

 Vibration 54 0.712 1.617 1.264 

 Vibration 55 0.715 1.610 1.246 

 Vibration 56 0.716 1.606 1.236 

 Vibration 57 0.717 1.605 1.234 

 Vibration 58 0.717 1.604 1.233 

 Vibration 59 0.721 1.593 1.206 
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 Vibration 60 0.723 1.587 1.193 

 Vibration 61 0.724 1.583 1.184 

 Vibration 62 0.724 1.583 1.183 

 Vibration 63 0.726 1.580 1.176 

 Vibration 64 0.726 1.579 1.174 

 Vibration 65 0.732 1.563 1.139 

 Vibration 66 0.736 1.551 1.114 

 Vibration 67 0.744 1.528 1.069 

 Vibration 68 0.749 1.514 1.042 

 Vibration 69 0.751 1.510 1.034 

 Vibration 70 0.759 1.488 0.994 

 Vibration 71 0.761 1.482 0.983 

 Vibration 72 0.764 1.476 0.972 

 Vibration 73 0.767 1.467 0.958 

 Vibration 74 0.779 1.436 0.906 

 Vibration 75 0.785 1.420 0.881 

 Vibration 76 0.786 1.419 0.880 

 Vibration 77 0.786 1.418 0.879 

 Vibration 78 0.797 1.391 0.838 

 Vibration 79 0.810 1.358 0.792 

 Vibration 80 0.818 1.339 0.766 

 Vibration 81 0.822 1.329 0.754 

 Vibration 82 0.823 1.326 0.750 

 Vibration 83 0.823 1.326 0.750 

 Vibration 84 0.863 1.233 0.639 

 Vibration 85 0.863 1.232 0.638 

 Vibration 86 0.863 1.232 0.638 

 Vibration 87 0.864 1.232 0.638 

 Vibration 88 0.864 1.231 0.637 

 Vibration 89 0.866 1.225 0.631 

 Vibration 90 0.867 1.225 0.630 

 Vibration 91 0.868 1.221 0.626 

 Vibration 92 0.880 1.194 0.598 

 Vibration 93 0.882 1.190 0.594 

 Vibration 94 0.892 1.168 0.572 

 Vibration 95 0.893 1.166 0.570 

 Vibration 96 0.894 1.164 0.568 

 Vibration 97 0.894 1.163 0.567 
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 Vibration 98 0.899 1.154 0.558 

 Vibration 99 0.900 1.151 0.555 

 Vibration100 0.901 1.149 0.553 

 Vibration101 0.914 1.121 0.527 

 Vibration102 0.916 1.117 0.523 

 Vibration103 0.917 1.115 0.521 

 Vibration104 0.924 1.101 0.508 

 Vibration105 0.936 1.076 0.487 

 Vibration106 0.937 1.075 0.485 

 Vibration107 0.946 1.056 0.470 

 Vibration108 0.947 1.054 0.468 

 Vibration109 0.948 1.051 0.465 

 Vibration110 0.961 1.026 0.445 

    

 


