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TOF mass spectra 

Figure S1: TOF mass spectra of (A) Cu+(H2O)(D2)n and (B) Cu+(H2O)(H2)n obtained after storing Cu+(H2O) on average 
50 ms in the ion trap (filled with around 1 mbar D2 or H2) for different ion-trap temperatures. Relative ion yield of (C) 
Cu+(H2O)(D2)n and (D) Cu+(H2O)(H2)n. 
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IRPD spectra 

 

Figure S2: IRPD spectra of Cu+(H2O)(H2)2 and its isotopologues. A) Cu+(H2O)(H2)2, B) Cu+(H2O)(D2)2, C) 
Cu+(D2O)(H2)2, and D) Cu+(D2O)(D2)2. The spectra are magnified for showing the rovibrational profiles of OH/OD 
stretching bands. The rotational constants calculated using VPT2/MP2/def2-TZVPP (see following calculation results) 
are applied to fit the νOH/D

s  and νOH/D
as  frequencies, which are simulated at 100 K temperature and with 4.5 cm-1 width 

for the Gaussian lineshape profile, using the PGOPHER program.36 The standard deviations of the fitting frequencies 
are 0.3 – 0.5 cm-1. 
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Supplementary Note 1: Validation 
Our calculations show that MP2/def2-TZVPP structures and harmonic frequencies (see Table S3, 

Table S4 and Figure S4) match the CCSD(T)/aug-cc-pVTZ(-PP) ones very closely. Hence, 

MP2/def2-TZVPP appears to be a sufficient level of theory for the computation of anharmonic 

frequencies of Cu+(H2O)(H2)2 and its isotopoloues. The ZPE-corrected bond dissociation energy 

(BDE, D0) of Cu+(H2O) obtained using MP2/def2-TZVPP and CCSD(T)/aug-cc-pVTZ(-PP) 

calculations is 157 and 161 kJ·mol-1, respectively. This is in agreement with the experimental value 

(157 kJ·mol-1) reported by Paul R. Kemper et al.14 and by previous MP2 and CCSD(T) 

calculations.15,19 The calculated vibrational frequencies of H2O and Cu+(H2O) isotopologues are 

reported in Table S7. 

 

Table S3. Bond lengths and angles according to CCSD(T)/aug-cc-pVTZ(-PP) (in parentheses: MP2/def2-TZVPP) 
calculations. Structures are shown in Figure 3. All interatomic distances are given in Angstrom (Å) and angles in 
degrees (°). 

 Symmetry r(Cu-O) r(O-H) r(Cu-H2) r(H-H) ∠(H-O-Cu) ∠( H-O-H) 

H2 C2v    0.743(0.737)   

H2O C2v / 0.962(0.958) / / / 104.2 (103.8) 

Cu+(H2) C2v / /  1.754(1.644) 0.763(0.780) / / 

Cu+(H2O) C2v 1.935 (1.931) 0.929 (0.963) / / 127.61 (126.47)  104.8 (107.1) 

Cu+(H2O)(H2) C2v 1.881(1.875) 0.965 (0.963) 1.579 (1.549) 0.796 (0.796) 125.97 (125.92) 108.0 (107.8) 

Cu+(H2O)(H2)2 C2v 1.948 (1.947) 0.964 (0.963) 1.642 (1.651) 0.790 (0.789) 126.40 (126.53) 107.1 (106.9) 

Cu+(H2O)(H2)3 C2v (2.069) (0.962) (1.720) (0.778) (126.92) (106.2) 

 

Table S4. Geometrical parameters of Cu+(H2O)(H2)2 at different computational levels. Distances in Angstroms (Å), 
angles and dihedral angles in degree (°), the numbering of the atoms is given in Figure S4.  

 

 

 

 

 

 

 

Parameters 

CCSD(T)/ 

aug-cc-pVTZ (-PP) 

[ CCSD(T)/aug-cc-pVTZ] 

MP2/ 

def2-TZVPP 

MP2/ 

aug-cc- pVTZ (-PP)  

[ MP2/aug-cc- pVTZ] 

r(Cu-O) 1.948 [1.971] 1.947 1.914 [1.938] 

r(Cu-X1/X2) 1.642 [1.695] 1.651 1.591 [1.675] 

r(O-H1/H2) 0.964 [0.964] 0.963 0.965 [0.965] 
r(H3-H4) 0.790 [0.782] 0.789 0.802 [0.7901] 

∠(H1-O-H2) 107.15 [106.90] 106.93 107.26 [106.94] 

∠(H2-O-Cu) 126.43 [126.55] 126.53 126.37 [126.53] 

∠(X1/X2-Cu-O) 120.64 [121.12] 119.98 120.04 [119.05] 
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Figure S4. Optimized geometry of Cu+(H2O)(H2)2 at the CCSD(T)/aug-cc-pVTZ(-PP) level and definition of geometry 
parameters. X1 and X2 represent the centers of mass of H2 ligands. 

 

Supplementary Note 2: Influence of relativistic effects 
The interatomic distances around the Cu+ are substantially influenced by relativistic effects. 

CCSD(T) in combination with aug-cc-pVTZ(-PP), which includes relativistic effects implicitly via 

the effective core potentials (ECP), yields Cu–H2 and Cu–O bonds that are respectively shorter by 

3.4 pm and 2.1 pm than those calculated employing the respective all-electron basis set (see Table 

S4). This leads to a blue-shift of the corresponding stretching frequencies, elongation of the H–H 

bonds and a red-shift of the H–H stretching frequency. That this is a result of relativistic effects is 

corroborated by the fact that a comparison between non-relativistic DFT calculations and ones 

including relativistic effects employing the zeroth-order regular approximation (ZORA) yields 

similar results (see Table S5; calculations performed with AMS version 2022.104). MP2 in 

combination with the aug-cc-pVTZ(-PP) basis set yields even shorter bonds with commensurate 

effects on the respective vibrational frequencies. This is likely due to the known tendency of MP2 

to overestimate London dispersion – an effect that may, to some extent, be cured by the use of a 

moderately sized basis set that is too small to capture the full strength of the partially spurious MP2 

dispersion. It is likely for this reason that (as shown in Table S6) MP2 in combination with the 

moderately sized def2-TZVPP basis set gives bonds lengths and harmonic frequencies very similar 

to the CCSD(T)/aug-cc-pVTZ(-PP) benchmark. The remarkably good agreement between the 

experimental vibrational spectra and the VPT2 spectra calculated on the MP2/def2-TZVPP 

potential energy surface, therefore, appears to be in part be due to error compensation, underscoring 

the importance of balancing method and basis set for hydrogen and the transition metal in such 

calculations.
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Table S5.  Harmonic vibrational frequencies for Cu+(H2O)(H2)2 (wavenumbers in cm-1 and assignments) calculated using different method / basis sets combinations. 

Mode PBE0/TZ

2P(Slater) 

PBE0/TZ2P 

(Slater) +scalar 

MP2/aug-

cc-pVTZ 

MP2/aug-cc-

pVTZ(-PP) 

MP2/def2

-TZVPP 

CCSD(T)/aug-

cc-pVTZ(-PP) 

CCSD(T)/aug

-cc-pVTZ 

Mode description  

1 126 140 171 167  156  140 108 HOH out-of-plane 

hindered rotation 

2 160 172 179 193 172 149 129 H2CuH2 in-plane 

libration bend 

3 207 192 185 199 187 160 142 HOH out-of-plane 

libration bend 

4 248 273 277 314 270 239 242 H2CuH2 out-of-plane 

libration bend 

5 288 311 341 379 324 317 281 H2-Cu-H2 bending 

6 337 373 410 454 394 347 323 Sym. out-of-plane H2 

hindered rotation 

7 340 374 412 467 400 364 326 Antisym. out-of-plane H2 

hindered rotation 

8 392 411 425 472 412 419 395 Cu-O stretch 
9 569 583 595 615 591 584 565 HOH in-plane libration 

bend 

10 804 859 897 976 880 877 790 Antisym. Cu-H2 stretch 

11 840 912 928 1037 918 1037 821 Sym. Cu-H2 stretch 

12 1185 1276 1366 1493 1310 1309 1178  Antisym. Cu-H2 stretch 
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13 1190 1281 1371 1500 1331 1311 1180 Sym. Cu-H2 stretch 

14 1652 1654 1671 1672 1681 1682 1681 H-O-H bend  

15 3741 3645 3727 3571 3745 3720 3794 Sym. HH stretch 

16 3753 3656 3737 3577 3754 3722 3832 Antisym. HH stretch 

17 3817 3814 3780 3778 3809 3793 3835 Sym. OH stretch 

18 3899 3895 3877 3874 3905 3877 3878 Antisym. OH stretch 
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Table S6.  H–H distances (pm) and computed H–H stretch frequencies (cm-1) at different levels of theory. 

 H–H distance in   

 free H2 Cu+(H2O)(H2) Cu+(H2O)(H2)2 ∆𝟏𝟏(ads) ∆𝟐𝟐(ads) 
MP2/def2-TZVPP 73.7 79.2 78.9 5.5 5.2 

MP2/aug-cc-pVTZ(-PP) 73.7 80.4 78.9 6.7 5.2 

CCSD(T)/aug-cc-pVTZ(-PP) 74.3 79.6 79.0 5.3 4.7 

∆𝟏𝟏 (ads) and ∆𝟐𝟐 (ads): difference between H–H distance in free H2 and in Cu+(H2O)(H2)  and in Cu+(H2O)(H2)2, 
respectively. 
 
 

 harmonic H–H stretching frequency in   

 free H2 Cu+(H2O)(H2) Cu+(H2O)(H2)2 ∆𝟏𝟏(ads) ∆𝟐𝟐(ads) 

MP2/def2-TZVPP 4526 3672 3745 
3754 -854 -781 

-772 

CCSD(T)/aug-cc-pVTZ(-PP) 4401 3665 3720 
3722 -736 

-681 
-679 

 

 VPT2 H–H stretching frequency in   

 free H2 Cu+(H2O)(H2) Cu+(H2O)(H2)2 ∆𝟏𝟏(ads) ∆𝟐𝟐(ads) 
MP2/def2-TZVPP 4298 3481 3565 -817 -733 

CCSD(T)/aug-cc-pVTZ(-PP) 4146 – – – – 

∆𝟏𝟏(ads) and ∆𝟐𝟐(ads): difference between the H–H stretching frequencies of free H2 and H2 adsorbed in Cu+(H2O)(H2) 
and Cu+(H2O)(H2)2, respectively.
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𝜐𝜐𝐻𝐻CuH (1307 cm−1) 

𝜐𝜐DCuD (926 cm−1) 

‘Hindered translation’ 

νH2(3754 cm−1) 

νD2(2659 cm−1) 

‘H-H vibration’ 

 νCuH2(871 cm−1) 

 νCuD2(617 cm−1) 

‘Cu+-H2 vibration’ 

𝛿𝛿CuH2
𝐼𝐼𝐼𝐼 (198 cm−1) 

𝛿𝛿CuD2
𝐼𝐼𝐼𝐼 (140 cm−1) 

‘Hindered rotation’ 

𝛿𝛿CuH2
𝑂𝑂𝑂𝑂𝐼𝐼 (280 cm−1) 

𝛿𝛿CuD2
𝑂𝑂𝑂𝑂𝐼𝐼 (198 cm−1) 

‘Hindered translation’ 

𝜏𝜏H2
𝑂𝑂𝑂𝑂𝐼𝐼(390 𝑐𝑐𝑐𝑐−1) 

𝜏𝜏D2
𝑂𝑂𝑂𝑂𝐼𝐼(276 𝑐𝑐𝑐𝑐−1) 

‘Rotation’ 

Figure S6: The displacements and corresponding vibrational normal modes of the bound H2/D2 to the frozen Cu+(H2O)(H2) fragment. (two vibrations, two hindered 
translational modes and two hindered rotational mode). 
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Table S8.  Calculated bond dissociation energy (De), for the reaction Cu+(H2O)(H2)n → Cu+(H2O)(H2)n-1 + H2, (n=1,2). 
All values are in kJ·mol-1 and from the bottom of the potential well on the PES, i.e. without ZPE correction (Born-
Oppenheimer energies). 

 

 

 

 

 

 

 

Note: The calculated bond dissociation energy (De) at the CCSD(T)/aug-cc-pVQZ(-PP) level uses the geometry 

optimized at the CCSD(T)/ aug-cc-pVTZ(-PP) level. 

 

Table S9.  Expectation values <R> (in Å) of bond distance between Cu and the center of the adsorbed hydrogen 
isotopologues. Re = 1.6423 Å  is the bond length obtained from fitting the data obtained at the CCSD(T)/aug-cc-pVTZ-
(PP) level to the Morse. 

. 

 

 

 

 

 

 

 

 

  

 
 

Cu+(H2O)(H2)  

  

Cu+(H2O)(H2)2 

MP2/def2-TZVPP 90.86 28.67 

MP2/aug-cc-pVTZ(-PP) 112.29 30.96 

MP2/aug-cc-pVQZ(-PP) 113.29 31.13 

CCSD(T)/aug-cc-pVTZ(-PP) 96.33 27.71 

CCSD(T)/aug-cc-pVQZ(-PP)// 

CCSD(T)/aug-cc-pVTZ(-PP) 

97.23 29.14 

Cu+–H2 

 

 

 
<R> (Å) <R>-Re (Å) 

H2 1.796 0.154 

D2 1.768 0.125 

T2 1.755 0.113 

HD 1.779 0.137 

HT 1.774 0.131 

DT 1.761 0.119 

 

V(𝑧𝑧)=126.856(1− exp (−1.8410(𝑧𝑧 − 1.6423)))2 
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Table S10.  Expectation values <r> (in Å) of bond distance of adsorbed isotopologues. re = 0.7904 Å  is the bond length 
obtained after fitting the data obtained at the CCSD(T)/aug-cc-pVTZ-(PP) level to the Morse. 

 

 

 

 

 

 

 

 

 

Table S11: Predicted separation factors for dihydrogen isotopologue adsorption at Cu+, Cu+(H2O)(H2), Cu+(H2O) as a 
function of temperatures.  

 

Cu+(H2O)(H2) 
T(K) 𝛼𝛼(D2/H2) 𝛼𝛼(HD/H2) 𝛼𝛼(DT/D2) 𝛼𝛼(T2/D2) 

80 43.77 8.10 2.06 3.82 

90 25.64 6.00 1.83 3.06 

100 16.78 4.74 1.66 2.60 

110 11.91 3.91 1.54 2.23 

120 8.98 3.34 1.45 1.99 

130 7.08 2.93 1.38 1.81 

140 5.79 2.62 1.32 1.67 

150 4.88 2.38 1.27 1.56 

160 4.20 2.19 1.23 1.47 

170 3.69 2.04 1.20 1.40 

180 3.29 1.91 1.17 1.34 

200 2.71 1.72 1.13 1.24 

220 2.33 1.58 1.09 1.18 

240 2.05 1.47 1.07 1.12 

260 1.85 1.39 1.05 1.08 

Cu+ 

T (K) 𝛼𝛼(D2/H2) 𝛼𝛼(HD/H2) 𝛼𝛼(T2/D2) 

80 17.77 4.35 3.16 

90 13.80 3.81 2.83 

100 11.08 3.40 2.57 

110 9.13 3.07 2.37 

120 7.70 2.81 2.20 

130 6.61 2.60 2.06 

140 5.77 2.42 1.95 

150 5.10 2.27 1.85 

160 4.57 2.14 1.76 

170 4.13 2.03 1.69 

180 3.76 1.93 1.62 

200 3.20 1.77 1.52 

220 2.79 1.65 1.43 

240 2.48 1.55 1.37 

260 2.24 1.47 1.31 

H–H 

 

 

 <r> (Å) <r>-re (Å) 

H2 0.8076 0.0172 

D2 0.8020 0.0116 

T2 0.8009 0.0105 

HD 0.8043 0.0139 

HT 0.8035 0.0131 

DT 0.8014 0.0110 

 

V(𝑧𝑧)=805.5677(1− exp (−2.4690(𝑧𝑧 − 0.7904)))2 
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Table S12.  Ground state rotational constants A, B and C (in cm-1) of Cu+(H2O) and Cu+(H2O)(H2)2 isotopologues. 

 

 

Cu+(H2O)(H2) 

T (K) 𝛼𝛼(D2/H2) 𝛼𝛼(HD/H2) 𝛼𝛼(DT/D2) 𝛼𝛼(T2/D2) 

80 15.53 4.48 1.62 2.44 

90 10.35 3.56 1.48 2.06 

100 7.50 2.97 1.38 1.81 

110 5.77 2.56 1.30 1.63 

120 4.64 2.27 1.24 1.49 

130 3.87 1.04 1.19 1.39 

140 3.32 1.87 1.15 1.31 

150 2.91 1.74 1.12 1.24 

160 2.59 1.63 1.09 1.19 

170 2.35 1.54 1.07 1.15 

180 2.15 1.47 1.05 1.11 

200 1.86 1.35 1.02 1.06 

220 1.66 1.27 1.00 1.02 

230 1.58 1.23 0.99 1.00 

240 1.51 1.20 0.98 0.99 

260 1.41 1.15 0.97 0.97 

Cu+(H2O) 

T (K) 𝛼𝛼(D2/H2) 𝛼𝛼(HD/H2) 𝛼𝛼(T2/D2) 

80 103.39 13.59 5.59 

90 69.74 10.89 4.74 

100 49.61 9.00 4.11 

110 36.85 7.62 3.63 

120 28.37 6.58 3.26 

130 22.49 5.78 2.96 

140 18.29 5.15 2.72 

150 15.19 4.64 2.52 

160 12.84 4.23 2.35 

170 11.03 3.89 2.21 

180 9.61 4.00 2.08 

200 7.54 3.15 1.89 

220 6.14 2.81 1.74 

230 5.60 2.67 1.67 

240 5.15 2.55 1.62 

260 4.42 2.34 1.52 

       
harmonic 

CCSD(T)/aug-cc-pVTZ (-PP) 

A B C 

Cu+(H2O) 14.095 0.297 0.292 

Cu+(H2O)(H2) 10.889 0.272 0.269 

Cu+(H2O)(H2)2 1.796 0.263 0.229 

Cu+(H2O)(D2)2 0.961 0.240 0.192 

Cu+(D2O)(H2)2 1.591 0.231 0.202 

Cu+(D2O)(D2)2 0.899 0.212 0.171 

      
VPT2 

MP2/def2-TZVPP 

A B C 

Cu+(H2O) 13.940 0.299 0.293 

Cu+(H2O)(H2) 10.978 0.273 0.269 

Cu+(H2O)(H2)2 1.818 0.264 0.230 

Cu+(H2O)(D2)2 0.976 0.242 0.194 

Cu+(D2O)(H2)2 1.610     0.232     0.203  

Cu+(D2O)(D2)2 0.912 0.213 0.172 



13 
 

Table S13.  H2 isotopologue desorption energies (kJ∙mol-1) for the reaction Cu+(H2O)(H2)2 → Cu+(H2O)(H2) + H2. ZPE 
corrections from the harmonic approximation. 

The ZPEs of free hydrogen isotopologues, namely H2, D2, and T2, are 26.3 kJ·mol-1, 18.6 kJ·mol-

1, and 15.2 kJ·mol-1, respectively.  

 

Energy decomposition analysis (EDA) of the Cu+-H2 bond 

XC-functional benchmark 

To determine the appropriate setup for the DFT calculations, we benchmarked the Cu–H2 bonding 

energy of complex Cu(H2O)(H2)2
+ with different XC functionals against the CCSD(T). We selected 

a range of XC functionals, including LDA, GGA (BLYP37, PBE38), meta-GGA (TPSS39, 

Species 

C2V symmetry 

2H2 and  isotopologues attached to Cu+(H2O) 

MP2/def2-

TZVPP 

MP2/aug-cc-pVTZ (-PP) MP2/aug-cc-pVQZ  

(-PP) 

CCSD(T)/aug-cc-pVTZ  

(-PP) 

ΔdesE(0K) ΔdesE(0K)   ΔdesE(0K)   ΔdesE(0K)   

Cu+(H2O)(H2)2 17.1 20.2 17.4 14.4 

Cu+(H2O)(D2)2 20.3 22.6 21.0 17.6 

Cu+(H2O)(T2)2 21.7 23.9 22.7 19.3 

Cu+(H2O)(HD)2 18.8 21.4 19.4 15.8 

Cu+(H2O)(HT)2 19.7 22.3 20.4 16.7 

Cu+(H2O)(DT)2 21.0 23.3 22.0 18.4 

2H2 and  isotopologues attached to Cu+(D2O) 

Cu+(D2O)(H2)2 17.3 20.4 17.8 14.3 

Cu+(D2O)(D2)2 20.4 22.9 21.5 18.0 

Cu+(D2O)(T2)2 21.8 24.3 23.1 19.6 

Cu+(D2O)(HD)2 19.6 22.0 19.6 16.2 

Cu+(D2O)(HT)2 20.3 22.7 20.8 17.2 

Cu+(D2O)(DT)2 21.7 24.0 22.4 18.8 

2H2 and  isotopologues attached to Cu+(T2O) 

Cu+(T2O)(H2)2 18.0 20.2 18.0 14.5 

Cu+(T2O)(D2)2 20.6 23.1 21.7 18.2 

Cu+(T2O)(T2)2 21.9 24.4 23.3 19.9 

Cu+(T2O)(HD)2 19.7 22.0 20.0 16.4 

Cu+(T2O)(HT)2 20.5 22.9 20.6 17.4 

Cu+(T2O)(DT)2 21.8 24.2 22.4 19.0 
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M06L40,41), hybrid (PBE042, B3LYP32), meta-hybrid (TPSSh43, M0640,41, M06-2x40,41), range 

separate hybrid (CAM-B3LYP44, wB97X-D345, LC-BLYP46), and double hybrid (PWPB9547, 

B2PLYP48). Grimme D349 dispersion correction was confidently employed for all functionals, and 

Grimme D450 dispersion correction was also confidently utilized for certain functionals. All 

calculations were performed using the ORCA 4.2.1 program package51, including the DFT and 

CCSD(T) reference calculation. The basis set utilized was def2-TZVPP52, and the RIJCOSX 

approximation was also employed. Therefore Def2/J was used as auxiliary basis set. The SCF 

energy convergence criterion was set to 10-8 EH. The benchmark calculations utilized the geometry-

optimized structure of H2, fragment Cu+(H2O)(H2), and complex Cu+(H2O)(H2)2 at the PBE-

D3/def2-TZVPP level. The results of the benchmark are presented in Table S14 and Figure S7. 

Table S14: Results of the benchmark study for Cu–H2 bond in Cu+(H2O)(H2)2. All values given in 
kJ∙mol-1. 

Functional class functional ∆𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝐶𝐶𝐶𝐶 − 𝐻𝐻2) ∆𝐸𝐸(𝐷𝐷𝐷𝐷𝐷𝐷) − ∆𝐸𝐸(𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷(𝐷𝐷)) 
LDA LDA-D3 -68.2 -41.5 

GGA 

PBE-D3 -39.1 -12.4 
PBE-D4 -38.1 -11.4 
BP86-D3 -37.4 -10.7 
BP86-D4 -35.4 -8.7 
BLYP-D3 -28.8 -2.1 
BLYP-D4 -26.9 -0.2 

 Meta-GGA TPSS-D3 -34.9 -8.1 
M06L-D3 -37.8 -11.1 

Hybrid 
B3LYP-D3 -28.2 -1.5 
B3LYP-D4 -26.2 0.5 
PBE0-D3 -34.1 -7.4 

Meta-Hybrid 
TPSSH-D3 -33.1 -6.4 
M06-D3 -34.8 -8.1 
M06-2x-D3 -24.2 2.6 

range separate 
CAM-B3LYP-D3 -32.7 -6.0 
wB97X-D3 -33.9 -7.2 
LC-BLYP-D3 -49.2 -22.5 

double-hybrid PWPB95-D3 -26.2 0.5 
B2PLYP-D3 -26.5 0.3 

Reference CCSD(T) -26.7  
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Figure S7: Bonding energy of Cu-H2 bond in complex Cu+(H2O)(H2)2 in kJ/mol. The red line 
corresponds to CCSD(T) reference calculation. 

The CCSD(T) results demonstrate deviations of less than 1 kJ∙mol-1 for the double hybrid 

functional, BLYP, and B3LYP with D4 dispersion correlation. Due to a missing implementation, 

double hybrid functionals cannot be utilized for Energy Decomposition Analysis (EDA) 

calculations. Therefore, B3LYP-D4 was selected for bond analysis. 

Stuctures  

For  the EDA-NOCV (Energy Decomposition Analysis with Natural Orbital for Chemical Valence 

extension), all systems (Cu(H2)4
+, Cu(H2)2(H2O)+, Cu(H2)(H2O)+, Cu(H2)+ and Cu(H2O)+) and 

fragments were optimized. The optimized structures of the studied complexes are shown in the 

Figure S8. 
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Figure S8: The optimized structure of the studied complexes, whereby all Cu–H2O and Cu–H2 bonds (red) are analyzed 
by EDA. All bond lengths are in Å. 

 

Energy decomposition analysis with natural orbital for chemical valence (EDA-NOCV) 

The settings for the EDA calculation are described in the methods section of the article. The EDA 

results are shown in Table S15. 
Table S15: EDA result for Cu-H2O bond of (Cu(H2)2(H2O)+, Cu(H2)(H2O)+ and Cu(H2O)+  and the Cu-O distance 
r(Cu-H2O).[a] 

 Cu(H2)2(H2O)+ Cu(H2)(H2O)+ Cu(H2O)+ 

 
      

∆Eint -162  -208  -190  

∆Eint(disp)[b] -6 4 % -4 2 % -4 2 % 

∆Eint(elec)[b] -156 96 % -204 98 % -186 98 % 

 
      

∆Eelstat
[c] -226 68 % -268 67 % -273 66 % 

∆EPauli 178 
 

196 
 

225 
 

∆Eorb
[c] -107 32 % -131 33 % -137 34 % 

 
      

  ∆E1
[d] -62 58 % -71 54 % -73 53 % 

  ∆E2
[d] -16 15 % -21 16 % -29 21 % 
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  ∆E3
[d] -12 11 % -16 12 % -16 12 % 

  ∆E3
[d] -12 11 % -16 12 % -15 11 % 

 
      

∆Eprep 25 
 

2 
 

1 
 

 
      

  ∆Eprep(H2O) 1  1  1  

  ∆Eprep(Cu+L0-3) 24  1  0  

      
 

∆Ebond -137  -206  -189  

𝑟𝑟(𝐶𝐶𝐶𝐶 − 𝐻𝐻2𝑂𝑂) 1.97  1.90  1.91  
 [a] All energies in kJ/mol, bond distances in Å computed with B3LYP-D4/TZ2P. Fragments are closed-shell species 
Cu+L0-3 and H2 (L=H2O, H2) in Table S15 and Cu+L0-2 and H2O (L= H2) in Table S16. [b] Percentage values give the 
relative contributions of dispersion and electronic effects to 𝛥𝛥𝐸𝐸𝑖𝑖𝑏𝑏𝑖𝑖. [c] Percentage values give the relative contributions 
to the attractive pEDA terms 𝛥𝛥𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑒𝑒𝑖𝑖  and 𝛥𝛥𝐸𝐸𝑏𝑏𝑜𝑜𝑏𝑏 . [d] Sum over all NOCV contributions corresponds to Δ𝐸𝐸𝑏𝑏𝑜𝑜𝑏𝑏. 

 

Bonding analysis of the Cu+–H2O bond also shows a dative character for all Cu(H2O)(H2)n
+ (n = 

0, 1, 2), in which the dispersion interaction makes only a small contribution (about -5 kJ∙mol-1). 

The Cu+–H2O bond is about 100 kJ∙mol-1 stronger than the Cu+–H2 bond. Only complex 

Cu(H2O)(H2)2
+ has a significant value for preparation energy due to the configuration change in 

the Cu fragment. Additionally the Cu+–O bond distance for Cu(H2O)(H2)2
+ is significantly larger 

than for the other two complexes correspond to a weaker interaction. For Cu(H2O)(H2)+ and 

Cu(H2O)+, the Cu–O bond length is similar (1.90 Å and 1.91 Å, respectively). However, the 

interaction energy (and binding energy) is about 20 kJ∙mol-1 higher for Cu(H2)(H2O)+ due to the 

significantly lower Pauli repulsion (30 kJ∙mol-1) for this complex, which explains the back bonding 

to the H2 ligand. This reduces the electron density in the HOMO and HOMO-1, resulting in less 

repulsion with occupied orbitals of water. Orbital and electrostatic interactions are slightly stronger 

for Cu(H2O)+ (5 kJ∙mol-1 each). The weaker electrostatic and orbital interactions for Cu(H2)(H2O)+ 

can be explained by the reduction of the charge at the Cu center due to the sigma donation of the 

LUMO by H2 ligands. 

 

Figure S9 shows the four most important NOCVs for the Cu–H2O bonds. More than 90% of the 

ΔEorb is accounted for by these NOCVs. The NOCVs for all investigated Cu–H2O bonds have the 

same shape but differ in their contributions to the ΔEorb and the amount of charge transfer. All 

NOCV results indicate that there is a transfer of charge from the O atom in the water molecule to 

the Cu atom. Specifically, NOCV 1 represents the σ interaction between the free electron pair on 
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the O atom in the bonding direction and the empty s orbital on the Cu, while NOCV 2 represents 

the corresponding p orbital in the bonding direction of the Cu-atom. NOCV 4 shows the π 

interaction of the other free electron pair with the p orbital of the Cu atom. Finally, NOCV 3 

describes the π interaction between the binding p orbital of the O atom in water and the last p orbital 

on the Cu. 

 

Figure S11: Selected deformation densities (Δρ𝑖𝑖) from EDA-NOCVs for Cu-H2O bond with energy contribution (ΔE𝑖𝑖) 
to ΔE𝑏𝑏𝑜𝑜𝑏𝑏  in kJ/mol and eigenvalues (ν𝑖𝑖).   Charge depletion (red) and charge accumulation (blue) with isosurface value 
0.0020 for Cu(H2O)+, 0.0011 for Cu(H2)(H2O)+ and 0.0015 for Cu(H2)2(H2O)+. 
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