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General materials and methods. All reagents and solvents were purchased from 

commercial sources and used as received. 1,10-phenanthroline-4,7-dicarbaldehyde and 

1,10-phenanthroline-2,9-dicarbaldehyde were prepared as pale-yellow needles (yield: 

86.7%) according to the literature[1] and their structure was confirmed by 1H NMR (Fig. 

S1-S2).  1H and 13C NMR were performed on a Bruker DMX 500 and referenced to TMS, 

TSP*, or the residual solvent peak. ESI-MS was collected on a ThermoFisher LCQ Fleet, 

from dilute methanol solutions in positive ionization mode. High-resolution mass 

spectrometry was performed at the University of Illinois School of Chemical Sciences Mass 

Spectrometry Laboratory (Champaign, IL, USA). Elemental analysis was performed by the 

Microanalysis Laboratory, School of Chemical Sciences, University of Illinois. UV-Vis 

absorption measurements were performed on a Beckman Coulter DU800 

spectrophotometer.  

 
Fig. S 1. 1H NMR spectrum for 1,10-phenanthroline-4,7-dicarbaldehyde in chloroform-d. 

 

Fig. S 2. 1H NMR spectrum for 1,10-phenanthroline-2,9-dicarbaldehyde in chloroform-d. 
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Synthetic procedures 

 

 
Fig. S3. Synthesis of complexes Cu-4,7-CHO, i.e. [Cu(mesphen)(phen-4,7-CHO)]PF6. 

 

The complexes reported here exploit the HETPHEN strategy[2], which yield to a relatively stable 

copper complex with respect to other Cu(I)diamine complexes. Detailed synthetic procedures and 

characterization are described in the Supporting Information. Aldehyde group was introduced with 

4,7-dimethyl-1,10-phenanthroline in the existence of selenium dioxide in 1,4-dioxane. The copper 

complex was prepared by the one-pot, two-step synthesis procedure at room temperature using 

dichloromethane as the solvent as previously described[3]. 

Complex Cu-4,7-CHO. The synthesis of the target complex, [Cu(mesphen)(4,7-CHO-phen)]PF6 

(where mesphen = 2,9-dimesityl-1,10-phenanthroline and 4,7-CHO-phen = 4,7-aldehyde-1,10-

phenanthroline), was proceeded by the same procedure as we submitted recently[3]. 

1H NMR (500 MHz, Acetone-d6, Fig. S4) δ 10.81 (s, 2H), 9.30 – 9.25 (m, 4H), 9.00 (d, J = 8.2 

Hz, 2H), 8.53 (d, J = 4.8 Hz, 2H), 8.44 (s, 2H), 8.05 (d, J = 8.2 Hz, 2H), 6.02 (s, 4H), 1.81 (s, 

12H), 1.56 (s, 6H). 13C NMR (126 MHz, Acetone-d6, Fig. S5) δ 193.29 , 159.79 , 149.94 , 144.76 

, 144.06 , 138.69 , 138.25, 137.30 , 135.42 , 129.72 , 128.81 , 127.50, 125.94 , 125.71 , 20.45 , 

20.08. ESI-MS  C44H36CuN4O2
+ calcd 715.21; found 715.33. HRMS ESI C44H36N4O2Cu+ calcd 

715.2136 found 715.2134. Elemental Analysis (calcd., found for C44H36N4O2CuF6P·1/5CH2Cl2): 

C (61.74, 60.44), H (4.78, 4.08), N (6.65, 6.36). 
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Fig. S4. 1H NMR spectrum for complex Cu-4,7-CHO in acetone-d6. 

 

 

Fig. S5. 13C NMR spectrum for complex Cu-4,7-CHO in acetone-d6. 

 

Complex Cu-4,7-HA (R=HC(OH)(OCH3)). 1H NMR (500 MHz, Methanol-d4, Fig. S6) 

δ 8.78 (d, J = 8.1 Hz, 2H), 8.55 (d, J = 4.6 Hz, 2H), 8.25 (d, J = 8.2 Hz, 4H), 7.99 – 7.80 

(m, 4H), 6.19 (s, 2H), 5.95 (dd, J = 19.7, 14.7 Hz, 4H), 1.70 (t, J = 12.3 Hz, 12H), 1.56 (s, 

6H). 13C NMR (500 MHz, Methanol-d4, Fig. S7) δ 159.81, 148.66, 147.43, 144.47, 144.09, 

138.26, 137.97, 135.07, 128.68, 127.52, 127.19, 126.56, 123.77, 121.83, 95.04, 20.13, 

19.72. ESI-MS C46H44CuN4O4
+ calcd 779.27; found 779.50. HRMS ESI C46H44CuN4O4

+ 

calcd 779.2659 found 779.2667. 
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Fig. S 6. 1H NMR spectrum for complex Cu-4,7-HA in methanol-d4. 

 

Fig. S 7. 13C NMR spectrum for complex Cu-4,7-HA in methanol-d4. 

 

Complex Cu-2,9-CHO. 1H NMR (500 MHz, Acetone-d6, Fig. S8) δ 10.15 (s, 2H), 9.10 (d, 

J = 8.2 Hz, 2H), 9.02 (d, J = 8.2 Hz, 2H), 8.55 – 8.44 (m, 6H), 8.09 (d, J = 8.2 Hz, 2H), 

5.98 (s, 4H), 1.60 (d, J = 12.5 Hz, 18H). 13C NMR (500 MHz, Acetone-d6, Fig. S9) δ 190.35 

, 158.93 , 144.14 , 138.88 , 138.39 , 137.64 , 134.57 , 132.20 , 129.38 , 128.57 , 126.97 , 

126.80 , 123.29 , 19.66 , 19.44 . 
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Fig. S 8. 1H NMR spectrum for complex Cu-2,9-CHO in acetone-d6. 

 

Fig. S 9. 13C NMR spectrum for complex Cu-2,9-CHO in acetone-d6. 
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Fig. S 10. 1H NMR spectrum for Cu-4,7-CHO in different solvents. 
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Fig. S 11. Mass spectrum of Cu-4,7-CHO (top) in MeCN and Cu-4,7-HA (bottom) in MeOH. 

A
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Fig. S 12. 2D 1H–1H COSY spectra of the complex in DMSO (top), CDCl3 (middle), and CD3CN 

(bottom). 
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Fig. S 13. 2D 1H–1H COSY spectra of Cu-4,7-CHO in methanol-d4. 
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Fig. S 14.  1H NMR spectrum for Cu-4,7-CHO in acetone-d6 with adding different amounts of 

methanol-d4. 
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Fig. S 15. 1H NMR spectrum for ligand phen-4,7-CHO in methanol-d4 (top) and in DMSO-d6 

(bottom). 

 
Fig. S 16. 13C NMR spectrum for ligand phen-4,7-CHO methanol-d4 (top) and in DMSO-d6 

(bottom). 
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Crystallography 

Single crystal data was collected at the University of Texas at Austin Faulkner Nanoscience and 

Technology Center, Department of Chemistry, X-ray Diffraction Lab. The structures were solved 

by direct methods using SHELXT[4] and refined by full-matrix least-squares on F2 with anisotropic 

displacement parameters for the non-H atoms using SHELXL-2018/3.[5] Structure analysis was 

aided by use of the programs PLATON[6] and OLEX2.[7]  The hydrogen atoms bound to carbon 

atoms were calculated in idealized positions.   Definitions used for calculating R(F), Rw(F2) and 

the goodness of fit, S, are given below: 

𝑅𝑊(𝐹2) = [∑ 𝑤(|𝐹𝑜|2 − |𝐹𝑐|2)2/ ∑ 𝑤(|𝐹𝑜|)4]1/2, where w is the weight given each reflection. 

R(F)  =  ∑(|𝐹𝑜| − |𝐹𝑐|)/ ∑|𝐹𝑜|, for reflections with 𝐹𝑜 > 4(𝜎(𝐹𝑜)). 

𝑆 =  [∑ 𝑤(|𝐹𝑜|2 − |𝐹𝑐|2)2/(𝑛 − 𝑝)]1/2, where n is the number of reflections and p is the number 

of refined parameters. 

The data were checked for secondary extinction but no correction was necessary.  Neutral atom 

scattering factors and values used to calculate the linear absorption coefficient are from the 

International Tables for X-ray Crystallography (1992).[8] All Fig.s were generated using 

SHELXTL/PC.[9] 

Cu-4,7-CHO ([(C30H28N2)Cu(C14H8N2O2]PF6CH2Cl2):  Crystals grew as clusters of reddish 

prisms by slow evaporation from dichloromethane and diethyl ether[3].  The crystal used for data 

collection was separated from a cluster of crystals and had approximate dimensions; 0.20 x 0.10 x 

0.04 mm.  The data were collected on an Agilent Technologies SuperNova Dual Source 

diffractometer using a -focus Cu K radiation source ( = 1.5418Å) with collimating mirror 

monochromators.  A total of 980 frames of data were collected using 𝜔-scans with a scan range of 

1 and a counting time of 13.5 seconds per frame for frames collected with a detector offset of –

41.6 and 52 seconds per frame with frames collected with a detector offset of 107.1.  The data 

were collected at 100 K using an Oxford Cryostream low temperature device.  Details of crystal 

data, data collection and structure refinement are listed in Table S1.  Data collection, unit cell 

refinement and data reduction were performed using Rigaku Oxford Diffraction’s CrysAlicPro 

Software System (2019), 1.171.41.70a.  The function, ∑ 𝑤(|𝐹𝑜|2 − |𝐹𝑐|2)2, was minimized, where 
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𝑤 = 1/[(𝜎(𝐹𝑜))2 + (0.0632 ∗ 𝑃)2 + (4.1244 ∗ 𝑃)]  and 𝑃 = (|𝐹𝑜|2 + 2|𝐹𝑐|2)/3 .  𝑅𝑤(𝐹2) 

refined to 0.118, with R(F) equal to 0.0407 and a goodness of fit, S = 1.05.   

Cu-4,7-HA ([(C30H28N2)Cu(C16H16N2O4]PF6):  Crystals grew as red plates by vapor diffusion of 

pentane into a methanol solution.  The crystal used for data collection was separated from a cluster 

of crystals and had approximate dimensions; 0.29 x 0.13 x 0.07 mm.  Rigaku Oxford Diffraction 

HyPix6000E Dual Source diffractometer using a -focus Cu K radiation source ( = 1.5418Å) 

with collimating mirror monochromators.  A total of 1722 frames of data were collected using 𝜔-

scans with a scan range of 0.5 and a counting time of 4 seconds per frame for frames collected 

with a detector offset of +/- 48.3 and 16 seconds per frame with frames collected with a detector 

offset of +/- 105.1.  The data were collected at 100 K using an Oxford Cryostream low 

temperature device.  Details of crystal data, data collection and structure refinement are listed in 

Table S1.  Data collection, unit cell refinement and data reduction were performed using Rigaku 

Oxford Diffraction’s CrysAlicPro Software System (2019), 1.171.41.115a.  The function, 

∑ 𝑤(|𝐹𝑜|2 − |𝐹𝑐|2)2, was minimized, where 𝑤 = 1/[(𝜎(𝐹𝑜))2 + (0.0763 ∗ 𝑃)2 + (2.9839 ∗ 𝑃)] 

and 𝑃 = (|𝐹𝑜|2 + 2|𝐹𝑐|2)/3.  𝑅𝑤(𝐹2) refined to 0.167, with R(F) equal to 0.0605 and a goodness 

of fit, S = 1.18.  

 

Fig. S 17. View of the Cu ion complex in Cu-4,7-CHO showing the atom labeling scheme.  

Displacement ellipsoids are scaled to the 50% probability level.   

Cu-CHO
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Fig. S 18. View of the Cu complex in Cu-4,7-HA showing the atom labeling scheme.  

Displacement ellipsoids are scaled to the 30% probability level.  The methyl H atoms were omitted 

for clarity.  The lower occupancy atoms of the disordered groups were omitted from view.   
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Table S 1. Details of crystal structure refinement of complexes Cu-X. 

Complex Cu-4,7-CHO Cu-4,7-HA 

CCDC # 2226034 2226033 

Space-filling diagrams 

  

Formula C46.50H38Cl2CuF6N4O2P C46H44CuF6N4O4P 

Mw (g/mol) 964.22 925.14 

Lattice type monoclinic monoclinic 

Space group P 1 21/n 1 P 1 21/n 1 

a (Å)  13.52666(16) 14.7098(2) 

b (Å)  18.9337(2) 20.7473(3) 

c (Å)  17.8755(3) 14.7414(3) 

α(°)  90 90 

β(°) 106.542(13) 104.9231(17) 

β(°) 90 90 

V (Å3)  4388.59(10) 4347.18(12) 

Z 4 4 

ρcalc (g cm-1)  1.459 1.414 

T (K) 100.02(13) 100.00(18) 

λ (Å) [Mo Kα]  1.54184 1.54184 

μ (mm-1)  2.764 1.694 

S (GOF)  1.046 1.179 

R(Fo), wR(Fo2)  0.0407, 0.1125 0.0605, 0.1633 
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Table S 2. Selected Bond Length, Bond Angles, and Geometry Index Parameter 𝒔𝟒. 

Complex Cu-4,7-CHO Cu-4,7-HA  

Selected bond length 

Cu–N1 2.057(2) 1.996(2)  

Cu–N2 2.008(2) 2.071(2)  

Cu–N3 2.027(2) 2.012(3)  

Cu–N4 2.025(2) 2.032(2)  

Selected bond angles 

N1–Cu–N2 83.13(7) 82.21(9)  

N1–Cu–N3 113.72(7) 128.40(11)  

N1–Cu–N4 116.69(7) 134.08(9)  

N2–Cu–N3 136.80(7) 124.84(9)  

N2–Cu–N4 127.37(7) 109.51(9)  

N3–Cu–N4 82.00(7) 82.06(10)  

s4 values 0.680 0.692  

 

Computational methods. Density functional theory (DFT) calculations of CuHETPHEN 

complexes were performed using Gaussian 16, revision C.01.[10] Geometry optimization was 

achieved with the functional of B3LYP.[11] The basis set of LANL2DZ with effective core potential 

(ECP)[12] was used for Cu and 6-31G(d,p)[13] for all other atoms. Frequency calculations were 

performed at the same level of theory to confirm the nature of stationary points with non-imaginary 

points for the minima. Solvent corrections (dichloromethane and methanol) were included through 

polarizable continuum model using the integral equation formalism variant (IEFPCM).[14] 

Calculations were performed without considering the effect of anion since they are the same PF6. 

Predicted electronic transitions were calculated using time-dependent DFT (TD-DFT) calculations 

at B3LYP level with LANL2DZ (ECP) for Cu and 6-31G+(d,p) for all other atoms. Orbital 

surfaces and simulated spectra were generated from the GaussView program (version 5.0.9).[15] 

Natural transition orbital (NTO) analysis[16] was carried out using Multiwfn program.[17]
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Table S 3. UV-vis spectrum of copper complexes in different solvents. 

Complex Solvents 
λmax (MLCT, 

nm) 

Molar Extinction Coefficients (ε, 

M−1cm−1) 

Cu-4,7-HA Methanol 467 7790 

Cu-4,7-

CHO 
Dichloromethane 422, 530 5007, 6627 

Cu-4,7-

CHO 
Acetone 428, 525 3728, 5212 

Cu-4,7-

CHO 
DMF 431, 519 4036, 4615 

Cu-4,7-

CHO 
Acetonitrile 423, 527 5484, 7434 

 

Fig. S 19. Comparison of the theoretical spectra for complex Cu-4,7-CHO in dichloromethane 

(red) and in methanol (blue).  
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Fig. S 20. Comparison of the theoretical (red) and experimental (blue) spectra for complex (A) 

Cu-4,7-CHO in dichloromethane and (B) Cu-4,7-HA in methanol.  
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Fig. S 21. Natural Transition Orbitals (NTO) of Cu-4,7-CHO in DCM (left) and Cu-4,7-HA in 

MeOH (right) by TDDFT calculations. 
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Fig. S 22. (A) Chemical structure of Cu-4,7-CHO and Cu-2,9-CHO complexes. (B, C) UV-vis 

absorption spectra for (B) complex Cu-4,7-CHO/Cu-4,7-HA and (C) complex Cu-2,9-CHO/Cu-

2,9-HA in acetone (solid, black) and methanol (dash, red). 
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Fig. S 23. Comparison of the theoretical spectra for complex Cu-2,9-HA in methanol (blue) Cu-

2,9-CHO in dichloromethane (red). 
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Fig. S 24. Natural Transition Orbitals (NTO) of Cu-2,9-CHO in DCM (left) and Cu-2,9-HA in 

MeOH (right) by TDDFT calculations. 
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Fig. S 25. UV spectrum titration of 500 µM complexes Cu-4,7-CHO in acetone with adding 

different alcohols. 
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Table S4. Properties of different alcohols in this study and the response time.  

Alcohols Viscosity
[a]

 
D0/10-5 

[b]
 

Polar 

substituent 

constant 

(σ*)
[c]

 

Steric 

substituent 

constant (Es)
 

[c]
 

τ
[d]

 

(s) 

k 

(s-1) 

Methanol 0.51 1.54 0 0.00 <1 1 

Ethanol 0.99 1.22 -0.1 -0.07 50 0.02 

1-

Propanol 
1.73 1.05 -0.12 -0.36 55 0.01818 

1-Butanol 2.26 0.96 -0.13 -0.39 114 0.00877 

1-

Pentanol 
3.05 0.88 / -0.40 124 0.00806 

1-Hexanol 3.86 0.83 / / 192 0.005208 

1-

Heptanol 
5.03 0.80 / / 153 0.006536 

[a] Viscosities of these alcohols at room temperature (30°C) at 1Kpa (unit: mPa·s). Data 
from reference [18]; [b] Diffusion coefficients (D0) of these alcohols in air at room 
temperature (25°C) (unit: cm²/s). Data from reference [19]; [c] Data from reference [20]; [d] 
Cross point of the absorption response to time. 
 

Taft equation: 𝑙𝑜𝑔
𝑘

𝑘−𝐶𝐻3
=  𝜎∗ × 𝜌∗ +  𝛿𝐸𝑠 

 

Fig. S26. Taft relationship for increased alkyl chain lengths in alcohols.   
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Fig. S 27. UV spectrum titration of 500 µM complexes Cu-4,7-CHO in acetone with adding (A) 

methanol and (D) methanol-d4. (B, E) Absorption changes at 469 nm and 525 nm versus 

concentration (C, F) Plots of (A0/Aobs -1) vs concentration of (C) methanol and (F) methanol-d4, 

where A0 is the absorption without adding methanol and Aobs is absorption with adding different 

amounts of methanol.  

 

  



S26 

 

 

Figure S28. UV-Vis absorbance of complexes in dichloromethane, methanol, and then dry the 

methanol solution at 80oC for 10 min and re-dissolved it in dichloromethane. 
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