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Behind the Scenes of Group IV Metallocene Catalysis: 

Examination of the Metal−Carbon Bond 
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Å

 
kis [N/m]  

3-Ti 150.3 

3-Zr 149.4 

3-Hf 168.0 
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Bond Method Distance [Å] ρ(rc) [e/Å3] 2ρ(rc)[e/Å5] r1 [Å] r2 [Å] ε 

Ti(1)-C(16) Exp. 2.1527(3) 0.531(  3) 5.470(  3) 1.0696 1.0831 0.06 

 DFTa 2.1454 0.662 1.110 1.0895 1.0559 0.048 
        

Si(1)-C(1) Exp. 1.8908(4) 0.807(  8) -0.844( 27) 0.7994 1.0922 0.11 

 DFTa 1.9002 0.778 2.088 0.7507 1.1507 0.098 
        

Si(1)-C(17) Exp. 1.8730(4) 0.930(  8) -3.604( 26) 0.8118 1.0636 0.06 

 DFTa 1.8864 0.825 1.359 0.7471 1.1400 0.011 
        

C(1)-C(2) Exp. 1.4438(4) 1.849(  7) -12.076( 18) 0.7002 0.7441 0.22 

 DFTa 1.4474 1.850 -14.878 0.7152 0.7325 0.187 
        

C(2)-C(3) Exp. 1.4074(4) 2.063(  8) -17.136( 18) 0.7099 0.6979 0.25 

 DFTa 1.4105 2.019 -18.236 0.7071 0.7036 0.220 
        

C(3)-C(4) Exp. 1.4178(4) 2.031(  8) -17.113( 19) 0.7048 0.7137 0.22 

 DFTa 1.4212 1.974 -17.803 0.7044 0.7171 0.167   
        

C(4)-C(5) Exp. 1.4415(4) 1.939(  7) -14.964( 17) 0.7146 0.7271 0.22 

 DFTa 1.4511 1.875 -15.915 0.7232 0.7281 0.150 
        

C(5)-C(1) Exp. 1.4527(4) 1.806(  8) -11.614( 20) 0.7769 0.6771 0.20 

 DFTa 1.4520 1.825 -14.787 0.7400 0.7122 0.156 

 

Bond Method Distance [Å] ρ(rc) [e/Å3] 2ρ(rc)[e/Å5] r1 [Å] r2 [Å] ε 

Zr(1)-C(16) Exp. 2.2654(3) 0.584(  4) 4.166(  4) 1.1762 1.0904 0.12 

 DFTa 2.2724 0.629 1.481 1.1841 1.0883 0.020 
        

Si(1)-C(1) Exp. 1.8999(4) 0.834(  8) -0.351( 28) 0.7784 1.1217 0.05 

 DFTa 1.9091 0.767 1.894 0.7538 1.1561 0.100 
        

Si(1)-C(17) Exp. 1.8725(3) 0.922(  9) -0.855( 31) 0.7637 1.1097 0.23 

133 DFTa 1.8866 0.825 1.344 0.7472 1.1401 0.015 
        

C(1)-C(2) Exp. 1.4473(4) 1.892(  8) -13.955( 20) 0.7072 0.7405 0.17 

 DFTa 1.4501 1.839 -14.682 0.7155 0.7347 0.191 
        

C(2)-C(3) Exp. 1.4095(4) 2.082(  9) -18.200( 21) 0.7071 0.7026 0.27 

 DFTa 1.4111 2.015 -18.101 0.7085 0.7028 0.227 
        

C(3)-C(4) Exp. 1.4217(3) 2.027(  9) -17.553( 21) 0.7169 0.7058 0.23 

 DFTa 1.4245 1.958 -17.457 0.7053 0.7195 0.173 
        

C(4)-C(5) Exp. 1.4439(4) 1.928(  8) -15.691( 20) 0.7220 0.7224 0.17 

 DFTa 1.4528 1.865 -15.685 0.7242 0.7288 0.158 
        

C(5)-C(1) Exp. 1.4576(4) 1.814(  8) -12.801( 20) 0.7658 0.6925 0.19 

 DFTa 1.4570 1.805 -14.364 0.7432 0.7140 0.163 
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Bond Method Distance [Å] ρ(rc) [e/Å3] 2ρ(rc)[e/Å5] r1 [Å] r2 [Å] ε 

Hf(1)-C(16) Exp. 2.2443(5) 0.680(  6) 4.383(  6) 1.1623 1.0820 0.09 

 DFTa 2.2430 0.665 2.018 1.1733 1.0697 0.036 
        

Si(1)-C(1) Exp. 1.8988(6) 0.787( 15) 2.227( 53) 0.7668 1.1329 0.15 

 DFTa 1.9075 0.769 1.912 0.7532 1.1552 0.088 
        

Si(1)-C(17) Exp. 1.8725(8) 0.919( 16) -0.265( 58) 0.7628 1.1098 0.02 

 DFTa 1.8873 0.824 1.326 0.7474 1.1406 0.014 
        

C(1)-C(2) Exp. 1.4455(6) 1.921( 14) -16.117( 34) 0.6651 0.7813 0.15 

 DFTa 1.4493 1.840 -14.679 0.7151 0.7344 0.194 
        

C(2)-C(3) Exp. 1.4119(7) 2.012( 14) -18.280( 32) 0.6803 0.7323 0.30 

 DFTa 1.4135 2.004 -17.902 0.7097 0.7040 0.226 
        

C(3)-C(4) Exp. 1.4201(6) 2.023( 15) -19.516( 32) 0.6851 0.7361 0.20 

 DFTa 1.4237 1.959 -17.474 0.7050 0.7191 0.175 
        

C(4)-C(5) Exp. 1.4444(7) 1.880( 14) -15.738( 30) 0.7294 0.7151 0.21 

 DFTa 1.4531 1.864 -15.677 0.7243 0.7289 0.157 
        

C(5)-C(1) Exp. 1.4576(6) 1.826( 14) -14.509( 32) 0.7798 0.6783 0.16 

 DFTa 1.4559 1.808 -14.426 0.7425 0.7136 0.163 
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List of the QTAIM-charges Q given in [e] and L(): L(r) = -²ρ(r) integrated over the atomic 

basins in [a.u.]; experimental values based on the multipolar refinements of the electron density; 

theoretical values based on DFT optimized structures. 

 

Table S15. Theoretical (ADF) and experimental QTAIM charges of 3-Ti, 3-Zr and 3-Hf. 

Basin  Q L() Q L() Q L() 

  3-Ti 3-Zr 3-Hf 
     

M(1) Exp. 1.648 <0.001 1.746 0.004 1.636 0.003 

 DFTa 1.649 -0.010 1.939 -0.002 2.024 0.001 
        

Si(1) Exp. 2.349 -0.006 2.433 -0.008 2.454 -0.010 

 DFTa 2.663 -0.003 2.652 -0.003 2.649 -0.004 
        

C(16) Exp. -0.773 0.002 -1.189 0.008 -1.223 0.002 

 DFTa -0.324 -0.020 -0.385 -0.004 -0.406 -0.006 
        

H(16A) Exp. 0.192 <0.001 0.264 <0.001 0.321 <0.001 

 DFTa -0.051 0.006 -0.053 -0.001 -0.049 <0.001 
        

H(16B) Exp. 0.192 <0.001 0.266 <0.001 0.322 <0.001 

 DFTa -0.031 0.007 -0.037 0.006 -0.034 0.007 
        

H(16C) Exp. 0.194 <0.001 0.270 <0.001 0.324 <0.001 

 DFTa -0.031 0.007 -0.031 -0.001 -0.031 <0.001 
        

C(17) Exp. -1.135 0.004 -1.093 0.003 -1.417 <0.001 

 DFTa -0.607 -0.006 -0.600 -0.003 -0.600 -0.002 
        

H(17A) Exp. 0.124 <0.001 0.181 <0.001 0.182 0.001 

 DFTa 0.002 -0.001 0.003 <0.001 0.002 -0.001 
        

H(17B) Exp. 0.121 <0.001 0.176 <0.001 0.171 <0.001 

 DFTa -0.015 0.006 -0.017 0.005 -0.017 <0.001 
        

H(17C) Exp. 0.122 <0.001 0.179 <0.001 0.170 <0.001 

 DFTa -0.015 0.001 -0.018 -0.001 -0.017 0.005 
        

C(1) Exp. -0.485 0.003 -0.684 0.005 -0.707 0.003 

 DFTa -0.779 -0.002 -0.793 -0.003 -0.794 -0.004 
        

C(2) Exp. -0.101 <0.001 -0.130 <0.001 -0.218 <0.001 

 DFTa -0.123 <0.001 -0.121 -0.001 -0.129 0.002 
        

C(3) Exp. -0.222 <0.001 -0.319 <0.001 -0.258 <0.001 

 DFTa -0.128 0.006 -0.152 0.004 -0.152 -0.001 
        

C(4) Exp. -0.002 0.001 -0.072 <0.001 -0.088 0.001 

 DFTa -0.062 0.003 -0.087 0.003 -0.089 0.004 
        

C(5) Exp. -0.227 -0.002 -0.146 -0.001 -0.213 0.001 

 DFTa -0.095 <0.001 -0.114 -0.001 -0.118 -0.001 
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) of 3-Ti at the metal atom. Ti-Me 

bonds shown as sticks. The position of valence shell maxima are shown as red spheres. 

 

 

) of 3-Zr at the metal atom. Zr-Me 

bonds shown as sticks. The position of valence shell maxima are shown as red spheres. 
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) of 3-Hf at the metal atom. Hf-Me 

bonds shown as sticks. The position of valence shell maxima are shown as red spheres. 
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 HF= -40.5316364 / NImag=0 

 Sum of electronic and thermal Enthalpies=             -40.484428 

 Sum of electronic and thermal Free Energies=          -40.505587 
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 HF= -233.7745988 / NImag=0 

 Sum of electronic and thermal Enthalpies=            -233.635642 

 Sum of electronic and thermal Free Energies=         -233.672636 

 

 

 HF= -233.2497064 / NImag=0 

 Sum of electronic and thermal Enthalpies=            -233.125392 

 Sum of electronic and thermal Free Energies=         -233.161595 
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↔

 

 

 

 HF=-1578.2383043 / NImag=0 

 Sum of electronic and thermal Enthalpies=           -1577.654785 

 Sum of electronic and thermal Free Energies=        -1577.755477 

↔

 

 

 HF=-1575.9089236 / NImag=0 

 Sum of electronic and thermal Enthalpies=           -1575.325709 

 Sum of electronic and thermal Free Energies=        -1575.426397 
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↔

 

 

 HF=-2378.837271 / NImag=0 

 Sum of electronic and thermal Enthalpies=           -2378.252721 

 Sum of electronic and thermal Free Energies=        -2378.352156 

 

↔

 

 

 

 HF=-1538.1536482 / NImag=0 

 Sum of electronic and thermal Enthalpies=           -1537.605478 

 Sum of electronic and thermal Free Energies=        -1537.701444 
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↔

 

 

 HF=-1535.8341356 / NImag=0 

 Sum of electronic and thermal Enthalpies=           -1535.286000 

 Sum of electronic and thermal Free Energies=        -1535.381372 

 

↔  

 

 

 HF= -2338.7553392 / NImag=0 

 Sum of electronic and thermal Enthalpies=           -2338.206367 

 Sum of electronic and thermal Free Energies=        -2338.300619 
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 tBuO− ion pair 

 

 

HF=-1771.5478942 / NImag=0 

 Sum of electronic and thermal Enthalpies=           -1770.871818 

 Sum of electronic and thermal Free Energies=        -1770.984579 

 tBuO− ion pair 
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 HF= -1769.2167771 / NImag=0 

 Sum of electronic and thermal Enthalpies=           -1768.540769 

 Sum of electronic and thermal Free Energies=        -1768.652525 

 tBuO− ion pair 

 

 HF= -2572.1420675 / NImag=0 

 Sum of electronic and thermal Enthalpies=           -2571.465965 

 Sum of electronic and thermal Free Energies=        -2571.579595 
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 HF= -1811.9627347 / NImag=1 (-79.9630 cm-1) 

 Sum of electronic and thermal Enthalpies=           -1811.241180 

 Sum of electronic and thermal Free Energies=        -1811.360399 
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 HF= -1809.6403007 / NImag=1 (-47.9336 cm-1) 

 Sum of electronic and thermal Enthalpies=           -1808.918957 

 Sum of electronic and thermal Free Energies=        -1809.036851 
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 HF= -2612.5716875 / NImag=1 (-45.0558 cm-1) 

 Sum of electronic and thermal Enthalpies=           -2611.848659 

 Sum of electronic and thermal Free Energies=        -2611.964497 
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