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APPENDIXA
Supplementary Data for

Photochemistry of PACVD
Precursors (Chapter 3)



A.1 Simulated Spectra and Pristine Precursors NTOs
Figure 3.7 presents all calculated spectra of pristine precursors and a selected set of ntos. Here,
we supplement this data with the addition of calculated fragment spectra for each of the precursors
3COT, 3BuD, and 3CBuD and for Ru(CO)𝑛 (𝑛 = 3, 2, 1). To support the transition character
assignments given in Table 3.6, ntos for each relevant transition in the pristine precursors are also
presented.
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Figure A.1 – Calculated spectra for intact 3cot and its diene-containing fragments. The spectral envelopes
are Gaussians with 𝜎 = 0.4 eV. Level of theory: tddft/𝜔b97x-d3/def2-svp, def2-tzvp(Ru) + ecp.
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Figure A.2 – Calculated spectra for intact 3bud and its diene-containing fragments. The spectral envelopes
are Gaussians with 𝜎 = 0.4 eV. Level of theory: tddft/𝜔b97x-d3/def2-svp, def2-tzvp(Ru) + ecp.
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Figure A.3 – Calculated spectra for intact 3cbud and its diene-containing fragments. The spectral
envelopes are Gaussians with 𝜎 = 0.4 eV. Level of theory: tddft/𝜔b97x-d3/def2-svp, def2-tzvp(Ru) + ecp.
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Figure A.4 – Calculated spectra for Ru(CO)n (𝑛 = 3, 2, 1) fragments. The spectral envelopes are Gaus-
sians with 𝜎 = 0.4 eV. Level of theory: tddft/𝜔b97x-d3/def2-svp, def2-tzvp(Ru) + ecp.
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Figure A.5 – Main nto components for all electronic transitions in 3cot as presented in Table 3.6. Values
over the arrows are the electronic occupation transfer associated with each transition orbital pair. Level of
theory: tddft/𝜔b97x-d3/def2-svp, def2-tzvp(Ru) + ecp. Plots represent 80% of the density.
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Figure A.6 – Main nto components for all electronic transitions in pristine precursors other than 3cot
(see Figure A.5) as presented in Table 3.6. Values over the arrows are the electronic occupation transfer
associated with each transition orbital pair. Level of theory: tddft/𝜔b97x-d3/def2-svp, def2-tzvp(Ru) + ecp.
Plots represent 80% of the density.
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A.2 Full Set of Scans and NEB MEP with Supporting NTOs
In this section, we collect all the rigid scans and neb mep generated in this investigation.
Figure A.9 offers a schematic representation of the neb mep to help in visualising its positioning in
relationship to the dissociation of the Ru–diene bond and the distortion of the diene ligand from its
bonded geometry to its isolated relaxed geometry.
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Figure A.7 – Rigid scans for Ru–CO dissociation in 3cot and its fragments. Purple vertical lines indicate
vertical excitation from the gs equilibrium geometry. Black curves are the gs pec. Orange curves denote bright
excited states, and grey curves denote dark excited states. Level of theory: tddft/𝜔b97x-d3/def2-svp, def2-
tzvp(Ru) + ecp.
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Rigid Scan NEB MEP
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Figure A.8 – Rigid scans and neb meps for Ru–cot dissociation in 3cot and its fragments. Purple
vertical lines indicate vertical excitation from the gs equilibrium geometry. Black curves are the gs pec. Orange
curves denote bright excited states, and grey curves denote dark excited states. Level of theory: tddft/𝜔b97x-
d3/def2-svp, def2-tzvp(Ru) + ecp. See Figure A.9 for a schematic visualisation of the neb meps.
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Figure A.9 – Schematic representation of the mep obtained by a neb calculation (black curve, as in
Figure A.8 and Figure A.14) superimposed on a bidimensional gs pes slice (grey surface) in which the diene
is simultaneously dissociated from the metal and distorted from its bonded geometry to its isolated relaxed
geometry.
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Figure A.10 – Rigid scans for Ru–chd and Ru–CO dissociation in 3chd. Purple vertical lines indicate
vertical excitation from the gs equilibrium geometry. Black curves are the gs pec. Orange curves denote bright
excited states, and grey curves denote dark excited states. Level of theory: tddft/𝜔b97x-d3/def2-svp, def2-
tzvp(Ru) + ecp.
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A.2.3 3BuD

Diene Dissociation
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Figure A.11 – Rigid scans for Ru–CO dissociation in 3bud and its fragments. Purple vertical lines indicate
vertical excitation from the gs equilibrium geometry. Black curves are the gs pec. Orange curves denote bright
excited states, and grey curves denote dark excited states. Level of theory: tddft/𝜔b97x-d3/def2-svp, def2-
tzvp(Ru) + ecp.

219



A.2.4 3MBuD
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Figure A.12 – Rigid scans for Ru–mbud and Ru–CO dissociation in 3mbud. Purple vertical lines indicate
vertical excitation from the gs equilibrium geometry. Black curves are the gs pec. Orange curves denote bright
excited states, and grey curves denote dark excited states. Level of theory: tddft/𝜔b97x-d3/def2-svp, def2-
tzvp(Ru) + ecp.
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Figure A.13 – Rigid scans for Ru–CO dissociation in 3cbud and its fragments. Purple vertical lines
indicate vertical excitation from the gs equilibrium geometry. Black curves are the gs pes. Orange curves
denote bright excited states, and grey curves denote dark excited states. Level of theory: tddft/𝜔b97x-
d3/def2-svp, def2-tzvp(Ru) + ecp.
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Rigid Scan NEB MEP
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0

2

4

6

8

10

R
el

at
iv

e
E

ne
rg

y
/

eV

Step 2.1
2cbud 2 + cbud

0

50

100

150

R
el

at
iv

e
E

ne
rg

y
/

kc
al

m
ol
−1

0 2 4 6 8 10

Reaction Coordinate Displacement / Bohr

0

2

4

6

8

R
el

at
iv

e
E

ne
rg

y
/

eV
Step 2.1

2cbud 2 + cbud

0

50

100

150

200

250

R
el

at
iv

e
E

ne
rg

y
/

kc
al

m
ol
−1

2 3 4 5 6 7

Ru–COT Distance / Å
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Figure A.14 – Rigid scans and neb meps for Ru–cbud dissociation in 3cbud and its fragments. Purple
vertical lines indicate vertical excitation from the gs equilibrium geometry. Black curves are the gs pec. Orange
curves denote bright excited states, and grey curves denote dark excited states. Level of theory: tddft/𝜔b97x-
d3/def2-svp, def2-tzvp(Ru) + ecp. See Figure A.9 for a schematic visualisation of the neb meps.
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A.2.6 Ru(CO)𝑛
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Figure A.15 – Rigid scans for Ru–CO dissociation in Ru(CO)n (𝑛 = 3, 2, 1). Purple vertical lines indicate
vertical excitation from the gs equilibrium geometry. Black curves are the gs pec. Orange curves denote bright
excited states, and grey curves denote dark excited states. Level of theory: tddft/𝜔b97x-d3/def2-svp, def2-
tzvp(Ru) + ecp.
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A.3 Cartesian Coordinates for Equilibrium Geometries in Å
A.3.1 Ruthenium complexes

3COT | η𝟒 edge | 𝐂𝐬 | Singlet
This is the ground state

Ru 0.00000 0.00000 0.00000
C −1.60967 0.08198 1.57528
C −0.50317 −0.74935 1.98954
C 0.84238 −0.32439 1.98949
C 1.27047 0.99177 1.57530
C 0.95402 2.32960 2.08679
C −0.16918 2.92506 2.54745
C −1.54174 2.49188 2.54647
C −2.11904 1.35938 2.08547
H −2.46191 −0.55295 1.31056
H −0.68523 −1.81587 2.15185
H 1.60403 −1.09288 2.15154
H 2.33276 0.96167 1.31038
H 1.83596 2.97936 2.07741
H −0.02965 3.95148 2.90025
H −2.24569 3.25236 2.89801
H −3.21417 1.38530 2.07438
C −1.07238 −1.25097 −0.98558
O −1.70134 −2.00128 −1.57409
C −0.49631 1.57133 −0.97966
C 1.59631 −0.40818 −0.98579
O 2.54173 −0.66138 −1.57474
O −0.80341 2.54423 −1.48854

3COT | η𝟒 center | 𝐂𝐬 | Singlet

Ru 0.00000 0.00000 0.00000
C 0.80466 −1.37361 1.58626
C 1.56268 −0.17159 1.61631
C −0.78594 1.36101 1.61869
C −1.58140 0.18418 1.58873
C −1.38581 −0.90461 2.59405
C −0.26937 −1.63340 2.59295
C 1.35291 0.85588 2.67882
C 0.24045 1.58167 2.68003
H −2.15907 −1.04882 3.35540
H −0.08941 −2.39994 3.35349
H 1.27924 −2.25598 1.14540
H 2.57284 −0.20949 1.19580
H 2.10219 0.93660 3.47324
H 0.01337 2.29913 3.47546
H −1.22636 2.27062 1.19762
H −2.57999 0.26348 1.14751
C −0.67692 1.37701 −1.12521
C 1.53006 −0.07591 −1.12770
C −1.00576 −1.53122 −0.65873
O −1.12486 2.19942 −1.78500
O −1.59798 −2.43451 −1.02543
O 2.46169 −0.16051 −1.78889

3COT | η𝟑 | 𝐂𝐬 | Triplet

Ru 0.00000 0.00000 0.00000
C 1.94762 −1.96144 −1.44158
C 1.09087 −0.85006 −1.84306
C 1.25604 0.55773 −1.76701
C 1.72793 1.35763 −0.69345
C 2.86393 1.21384 0.21157
C 3.69310 0.17401 0.55432
C 3.77961 −1.19422 0.19940
C 3.04177 −2.08255 −0.62043
H 1.62350 −2.90370 −1.89371
H 0.43000 −1.14015 −2.66521
H 0.66750 1.11142 −2.50416
H 1.45408 2.40961 −0.81670
H 3.08152 2.14882 0.73674
H 4.45828 0.46256 1.28188
H 4.60796 −1.69801 0.70782
H 3.42838 −3.10559 −0.57556
C −0.80928 −1.66501 0.47631
O −1.29927 −2.66184 0.74908
C −0.10498 0.77104 1.74605
C −1.62141 0.82088 −0.67602
O −2.63677 1.26337 −0.96181
O −0.17002 1.24458 2.78513

2COT | η𝟔 | 𝐂𝟏 | Singlet
This is the ground state

Ru 0.00000 0.00000 0.00000
C 0.59714 −1.33656 −1.25440
O 0.92728 −2.08393 −2.05865
C −0.49757 1.03518 −1.47102
O −0.80703 1.66072 −2.38508
C 0.50851 −1.16741 1.87050
C 1.37317 −0.02529 1.81422
C 1.09074 1.30306 1.40236
C −0.24667 1.78240 1.25540
C −1.30953 1.64833 2.28893
C −2.14137 0.61902 2.20670
C −1.87413 −0.47720 1.23497
C −0.85162 −1.41557 1.49899
H 1.08846 −2.09305 1.93316
H 2.43207 −0.27922 1.91172
H 1.95329 1.91711 1.12767
H −0.30617 2.73386 0.71140
H −1.40485 2.41757 3.06294
H −2.97825 0.47941 2.89992
H −2.75722 −0.90772 0.75207
H −1.03151 −2.45912 1.22293
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2COT | η𝟒 center | 𝐂𝟏 | Singlet

Ru 0.00000 0.00000 0.00000
C 0.92556 −1.32422 1.46168
C 1.59296 −0.04714 1.41417
C −0.95939 1.30539 1.77513
C −1.55913 0.06597 1.74292
C −1.19155 −1.04194 2.67168
C −0.03355 −1.69064 2.53613
C 1.38569 1.00032 2.44819
C 0.21263 1.61972 2.62416
H −1.89952 −1.28154 3.47159
H 0.22696 −2.50215 3.22458
H 1.48004 −2.16798 1.03470
H 2.59421 −0.03267 0.96949
H 2.24507 1.27665 3.06842
H 0.10009 2.40946 3.37295
H −1.47316 2.15076 1.30578
H −2.51382 −0.01898 1.20667
C −0.35857 1.56583 −1.02829
C 1.11923 −0.64056 −1.34519
O −0.45760 2.56127 −1.59390
O 1.82658 −1.05542 −2.14710

2COT | η𝟒 edge | 𝐂𝐬 | Triplet

Ru 0.00000 0.00000 0.00000
C −1.69949 −0.03128 1.66064
C −0.48989 −0.72622 2.04746
C 0.83391 −0.26816 2.04740
C 1.35547 1.02566 1.66046
C 0.90753 2.34292 1.75872
C −0.30385 2.96663 2.19232
C −1.59390 2.52029 2.19183
C −2.16075 1.28136 1.75773
H −2.49639 −0.73492 1.40243
H −0.61873 −1.79009 2.26095
H 1.59269 −1.02498 2.26074
H 2.41684 0.96481 1.40238
H 1.67996 3.06766 1.47941
H −0.17574 4.01982 2.46034
H −2.34566 3.26908 2.45949
H −3.21563 1.37411 1.47748
C −1.00151 −1.17553 −1.05777
O −1.57612 −1.95754 −1.67078
C 1.51384 −0.30637 −1.05732
O 2.44887 −0.56655 −1.67014

2COT | η𝟒 center | 𝐂𝟐𝐯 | Triplet

Ru 0.00000 0.00000 0.00000

C −1.36021 −0.91424 2.57449
C −0.23054 −1.62250 2.57457
C 0.82990 −1.35846 1.55853
C 1.58443 −0.15526 1.55867
C 1.36008 0.91428 2.57465
C 0.23042 1.62256 2.57449
C −0.82987 1.35847 1.55834
C −1.58446 0.15526 1.55846
H −2.13368 −1.07671 3.33274
H −0.03980 −2.38942 3.33287
H 1.29130 −2.24153 1.10329
H 2.58025 −0.18586 1.10334
H 2.13340 1.07665 3.33305
H 0.03958 2.38951 3.33275
H −1.29124 2.24154 1.10310
H −2.58033 0.18596 1.10322
C −1.15683 0.72524 −1.34175
C 1.15692 −0.72503 −1.34182
O −1.86959 1.17205 −2.12317
O 1.86977 −1.17154 −2.12334

1COT | η𝟔 | 𝐂𝐬 | Singlet
This is the ground state

Ru 0.00000 0.00000 0.00000
C −0.60010 1.43780 1.42103
C −1.73281 0.57585 1.21311
C 0.82321 −1.63030 1.21299
C 1.50970 −0.38335 1.42091
C −1.67950 −0.84406 1.28374
C −0.58914 −1.78524 1.28384
C 1.27361 0.45845 2.62861
C 0.26739 1.32725 2.62858
H −0.78299 2.47407 1.10934
H −2.68824 0.99510 0.88342
H 1.37791 −2.51427 0.88407
H 2.56157 −0.41221 1.10908
H −2.62796 −1.33010 1.03701
H −0.93132 −2.79461 1.03739
H 1.94524 0.34271 3.48555
H 0.05506 1.97498 3.48543
C 0.95414 1.10418 −1.09088
O 1.53219 1.77367 −1.83922

1COT | η𝟒 edge | 𝐂𝐬 | Singlet

Ru 0.00000 0.00000 0.00000
C −1.56020 0.03194 1.36101
C −0.48407 −0.73396 1.99380
C 0.83289 −0.28173 1.99381
C 1.21137 0.98375 1.36101
C 0.90890 2.34631 1.84672
C −0.23357 2.91467 2.28671
C −1.60641 2.44329 2.28652
C −2.15864 1.29296 1.84647
H −2.36826 −0.65028 1.04895

224



H −0.65664 −1.78105 2.27038
H 1.61235 −1.00188 2.27038
H 2.26807 0.94194 1.04886
H 1.77958 3.01115 1.83021
H −0.13240 3.95392 2.61505
H −2.32475 3.20120 2.61461
H −3.25408 1.28271 1.82963
C −0.47530 1.38394 −1.16243
O −0.80323 2.33815 −1.71605

1COT | η𝟒 center | 𝐂𝟏 | Singlet

Ru 0.00000 0.00000 0.00000
C 0.85158 1.31760 2.58528
C −0.45216 1.58071 2.48264
C −1.23271 0.98308 1.36775
C −1.53880 −0.43999 1.30085
C −1.02368 −1.41564 2.29887
C 0.29032 −1.65808 2.42616
C 1.28128 −0.96301 1.56633
C 1.49023 0.41992 1.58675
H 1.46986 1.73247 3.38764
H −0.96065 2.23382 3.19951
H −2.00132 1.65395 0.96391
H −2.51006 −0.71055 0.86702
H −1.74532 −1.96649 2.91153
H 0.65032 −2.40978 3.13599
H 2.03678 −1.58765 1.06909
H 2.39402 0.79344 1.08279
C −1.09152 0.71494 −1.34418
O −1.75565 1.21474 −2.13963

1COT | η𝟓 edge | 𝐂𝐬 | Triplet

Ru 0.00000 0.00000 0.00000
C −1.29419 −0.37325 1.72057
C −0.03299 −0.96416 2.00221
C 1.26564 −0.46079 1.72065
C 1.62517 0.84457 1.23612
C 1.32122 2.15278 1.80582
C 0.09313 2.72287 2.11014
C −1.17104 2.23799 1.80587
C −1.56363 0.95363 1.23605
H −2.12915 −1.08218 1.69612
H −0.06954 −2.03252 2.23472
H 2.05022 −1.22511 1.69626
H 2.63954 0.82880 0.81918
H 2.19606 2.79643 1.94540
H 0.12750 3.72794 2.54068
H −1.99988 2.93984 1.94558
H −2.57670 1.00724 0.81908
C 0.04323 1.26595 −1.38246
O 0.07179 2.10310 −2.17223

1COT | η𝟔 | 𝐂𝐬 | Triplet

Ru 0.00000 0.00000 0.00000
C 0.54201 0.79283 −1.67573
O 0.96104 1.40542 −2.55456
C −1.21512 −0.52583 1.86029
C −0.04737 −1.32316 1.86028
C 1.28622 −1.03510 1.40289
C 1.86232 0.24087 1.19175
C 1.73385 1.36355 2.15792
C 0.63862 2.11139 2.15778
C −0.45368 1.82216 1.19152
C −1.43237 0.82106 1.40281
H −2.13261 −1.10652 1.99708
H −0.25416 −2.38910 1.99708
H 1.84520 −1.92110 1.08127
H 2.82193 0.20323 0.66265
H 2.55244 1.53027 2.86680
H 0.49580 2.93458 2.86654
H −0.83814 2.70217 0.66236
H −2.46108 1.01906 1.08120

1COT | η𝟒 center | 𝐂𝐬 | Triplet

Ru 0.00000 0.00000 0.00000
C −1.49550 −0.70671 2.55123
C −0.52216 −1.62387 2.45403
C 0.59684 −1.52346 1.48684
C 1.55951 −0.49181 1.48798
C 1.58282 0.62642 2.46146
C 0.60165 1.53442 2.55953
C −0.60661 1.51013 1.69939
C −1.54974 0.50515 1.69802
H −2.32697 −0.86233 3.24624
H −0.57321 −2.52483 3.07488
H 0.89401 −2.47032 1.02293
H 2.52494 −0.72286 1.02465
H 2.47480 0.73200 3.08835
H 0.69479 2.36930 3.26164
H −0.87626 2.45435 1.21060
H −2.50906 0.71451 1.20920
C 0.71874 −0.67520 −1.61276
O 1.23050 −1.15201 −2.52876

0COT | η𝟒 center | 𝐂𝟐𝐯 | Singlet
This is the ground state

Ru 0.00000 0.00000 0.00000
C −2.66585 −1.15267 0.31057
C −1.89940 −1.94496 1.06829
C −0.46352 −1.57192 1.21543
C −0.04072 −0.41482 1.99753
C −1.01771 0.46645 2.69789
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C −1.78416 1.25875 1.94015
C −1.59221 1.18900 0.46369
C −2.01509 0.03198 −0.31849
H −3.73133 −1.34744 0.15093
H −2.29386 −2.83339 1.57204
H 0.25560 −2.40768 1.16994
H 0.95614 −0.49149 2.46451
H −1.09407 0.44896 3.78992
H −2.53113 1.93449 2.36921
H −1.60508 2.15610 −0.06755
H −2.30590 0.24020 −1.36241

0COT | η𝟔 | 𝐂𝐬 | Triplet

Ru 0.00000 0.00000 0.00000
C −1.20645 −0.52574 1.84974
C −0.02280 −1.31583 1.84974
C 1.29797 −1.03140 1.35582
C 1.85178 0.25999 1.07463
C 1.73781 1.40646 2.02038
C 0.63236 2.14436 2.02038
C −0.47014 1.80988 1.07463
C −1.45035 0.80310 1.35582
H −2.11403 −1.11228 2.03126
H −0.21638 −2.37897 2.03125
H 1.88425 −1.92232 1.09790
H 2.81823 0.20367 0.55462
H 2.56869 1.60528 2.70680
H 0.49729 2.98794 2.70680
H −0.89284 2.68081 0.55462
H −2.49801 1.00284 1.09791

0COT | η𝟒 center | 𝐂𝐬 | Triplet

Ru 0.00000 0.00000 0.00000
C −1.38686 −0.91446 2.40254
C −0.26322 −1.64022 2.40255
C 0.74148 −1.34749 1.34072
C 1.53314 −0.12169 1.34109
C 1.38675 0.91428 2.40269
C 0.26309 1.64006 2.40269
C −0.74142 1.34746 1.34109
C −1.53320 0.12173 1.34072
H −2.17657 −1.05787 3.14716
H −0.06918 −2.41905 3.14716
H 1.22211 −2.22766 0.88031
H 2.53290 −0.19781 0.88027
H 2.17627 1.05806 3.14745
H 0.06947 2.41886 3.14744
H −1.22196 2.22745 0.88027
H −2.53316 0.19787 0.88031

0COT | η𝟒 edge | 𝐂𝐬 | Singlet

Ru 0.00000 0.00000 0.00000

C −1.58571 0.08539 1.33595
C −0.50887 −0.75295 1.82766
C 0.85077 −0.31968 1.82759
C 1.24382 0.98724 1.33599
C 0.95959 2.33134 1.87328
C −0.16625 2.91161 2.34081
C −1.54929 2.47105 2.34020
C −2.13167 1.34639 1.87245
H −2.42106 −0.55420 1.00256
H −0.68220 −1.82151 2.00586
H 1.61041 −1.09091 2.00579
H 2.29518 0.94907 1.00249
H 1.84226 2.98182 1.87621
H −0.03788 3.93535 2.70743
H −2.24647 3.23199 2.70604
H −3.22794 1.36652 1.87437

0COT | η𝟒 edge | 𝐂𝐬 | Triplet

Ru 0.00000 0.00000 0.00000
C −1.59167 −0.04033 1.38615
C −0.46689 −0.73258 2.02041
C 0.83365 −0.24430 2.02033
C 1.22492 1.01721 1.38621
C 0.83774 2.38031 1.69218
C −0.33968 2.93586 2.11680
C −1.67646 2.43399 2.11659
C −2.19726 1.24083 1.69188
H −2.36696 −0.76390 1.08996
H −0.61009 −1.77767 2.31825
H 1.62928 −0.93691 2.31815
H 2.28484 0.98269 1.09002
H 1.65167 3.09787 1.54118
H −0.27605 4.00438 2.34667
H −2.42762 3.19664 2.34625
H −3.28228 1.24546 1.54060

3BuD | η𝟒 | 𝐂𝐬 | Singlet
This is the ground state

Ru 0.00000 −0.00000 0.00000
C −1.38792 0.57062 1.61071
C −0.04966 0.93221 1.98274
C 0.92956 −0.09083 1.98203
C 0.50803 −1.41200 1.61046
H −0.40997 −1.82232 2.04035
H 1.29275 −2.15833 1.46234
H 1.98103 0.16505 2.13479
H 0.25161 1.97162 2.13564
H −2.09748 1.38889 1.46265
H −1.84096 −0.32690 2.04094
C −1.21805 −1.17671 −0.90181
C −0.32955 1.59805 −1.01524
C 1.58419 −0.39545 −1.01217
O −1.95610 −1.89881 −1.38868
O −0.52548 2.54832 −1.61906
O 2.52259 −0.63732 −1.61783
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3BuD | η𝟐 | 𝐂𝟏 | Triplet

Ru 0.00000 0.00000 0.00000
C 0.16741 0.30825 1.87984
C −0.78928 1.71225 −0.40565
C −1.61079 −1.03552 −0.00859
O 0.18538 0.45187 3.01557
O −1.28334 2.72542 −0.60456
O −2.57613 −1.64488 0.08028
C 3.32750 0.57311 0.50525
C 2.63151 0.28579 −0.63949
C 1.84195 −0.89475 −0.89586
C 1.36074 −1.78843 0.08050
H 1.83187 −1.83963 1.06530
H 0.90581 −2.72249 −0.25510
H 1.57959 −1.08360 −1.94337
H 2.73439 0.97232 −1.48561
H 3.90243 1.49642 0.58972
H 3.31725 −0.09383 1.37083

2BuD | η𝟒 | 𝐂𝐬 | Singlet
This is the ground state

Ru 0.00000 −0.00000 0.00000
C −1.40893 0.58748 1.62756
C −0.07710 0.92899 1.94134
C 0.92722 −0.09591 1.94139
C 0.55880 −1.42055 1.62769
H −0.39434 −1.83693 1.96909
H 1.35563 −2.15600 1.49626
H 1.97385 0.19652 2.05702
H 0.23647 1.96947 2.05699
H −2.12805 1.39906 1.49607
H −1.84462 −0.35695 1.96908
C −0.38907 1.52698 −1.05900
C 1.51905 −0.41982 −1.05871
O −0.57752 2.49920 −1.63751
O 2.48676 −0.62779 −1.63810

2BuD | η𝟒 | 𝐂𝐬 | Triplet

Ru 0.00000 0.00000 0.00000
C −1.29213 −1.31047 −0.48025
C 1.09789 −1.24238 0.93205
O −2.10280 −2.07567 −0.75021
O 1.75710 −1.96548 1.53052
C −1.36765 1.70544 −0.55107
C −0.13951 1.81704 −1.25430
C 1.08864 1.85202 −0.52837
C 1.06875 1.77490 0.88901
H 0.29602 2.28954 1.46846
H 2.02205 1.65245 1.40722
H 2.03148 1.78995 −1.07866
H −0.10887 1.72897 −2.34376
H −2.27501 1.52996 −1.13265
H −1.52482 2.23762 0.39221

1BuD | η𝟒 | 𝐂𝐬 | Singlet
This is the ground state

Ru 0.00000 0.00000 0.00000
C 1.78440 0.00016 0.54905
O 2.79740 −0.00110 1.09888
C −0.78562 −1.38074 1.32378
C −1.92640 −0.70090 0.73396
C −1.92694 0.69871 0.73461
C −0.78662 1.37871 1.32522
H −0.50828 1.15868 2.36427
H −0.69357 2.44779 1.09287
H −2.66670 1.23335 0.12879
H −2.66570 −1.23549 0.12752
H −0.69189 −2.44953 1.09035
H −0.50726 −1.16154 2.36298

1BuD | η𝟒 | 𝐂𝐬 | Triplet

Ru 0.00000 0.00000 0.00000
C −0.10689 −1.44260 1.24574
O −0.18095 −2.29589 2.01157
C −1.82079 1.14863 −0.32658
C −0.79009 1.70356 −1.13605
C 0.49933 2.04055 −0.63508
C 0.88150 1.85520 0.72327
H 0.19275 2.10482 1.54016
H 1.93415 1.99574 0.98232
H 1.27851 2.23754 −1.37897
H −0.89932 1.66838 −2.22512
H −2.72006 0.77845 −0.82579
H −2.00740 1.52945 0.68543

0BuD | η𝟒 | 𝐂𝐬 | Singlet
This is the ground state

Ru 0.00000 −0.00000 0.00000
C −1.38744 0.59496 1.40744
C −0.04770 0.93692 1.82014
C 0.93181 −0.10863 1.82017
C 0.50333 −1.42325 1.40746
H −0.36723 −1.90540 1.87480
H 1.30757 −2.14006 1.18876
H 1.98585 0.15188 1.96941
H 0.28093 1.97175 1.96942
H −2.05034 1.44416 1.18869
H −1.92529 −0.24231 1.87484

0BuD | η𝟒 | 𝐂𝐬 | Triplet

Ru 0.00000 0.00000 0.00000
C 1.34452 1.49876 0.88662
C 1.97873 0.72839 −0.11663
C 1.98394 −0.71880 −0.12785
C 1.35687 −1.51025 0.86248
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H 1.37841 −1.21367 1.91938
H 1.32028 −2.59212 0.70587
H 2.34746 −1.19890 −1.04389
H 2.34017 1.22589 −1.02411
H 1.30110 2.58292 0.74787
H 1.36980 1.18615 1.93890

3CBuD | η𝟒 | 𝐂𝐬 | Singlet
This is the ground state

Ru 0.00000 −0.00000 0.00000
C −1.02652 −0.03732 1.91411
C −0.04513 1.01913 1.94421
C 1.02753 0.05287 1.90650
C 0.04413 −1.03468 1.87229
H −0.09324 2.10277 2.03608
H −2.10594 −0.07725 2.04271
H 2.10520 0.10703 2.04269
H 0.09014 −2.10588 2.05130
C −1.42120 −0.84372 −0.96880
C −0.01635 1.63061 −1.01630
C 1.44027 −0.81806 −0.96067
O −2.28452 −1.37559 −1.49643
O −0.02437 2.62215 −1.58640
O 2.31722 −1.33286 −1.48268

3CBuD | η𝟒 | 𝐂𝐬 | Triplet

Ru 0.00000 0.00000 0.00000
C −1.05867 −0.35810 1.56785
C −1.62205 −1.00551 −1.08886
C 0.92536 −1.68009 −0.16757
O −1.67235 −0.53795 2.51625
O −2.20697 −1.99549 −1.00922
O 1.50951 −2.65847 −0.26728
C −0.69397 1.86897 −0.98077
C 0.28263 1.21793 −1.83685
C 1.32111 1.48447 −0.86806
C 0.33390 2.14269 −0.00288
H 0.26458 0.79846 −2.84002
H −1.74346 2.13611 −1.08009
H 2.40621 1.40471 −0.87692
H 0.38304 2.75389 0.89594

2CBuD | η𝟒 | 𝐂𝐬 | Singlet
This is the ground state

Ru 0.00000 −0.00000 0.00000
C −0.88781 0.53442 1.89259
C 0.54452 0.87534 1.77099
C 0.87165 −0.56014 1.89323
C −0.52836 −0.84962 1.99464
H 1.11432 1.79127 1.91923
H −1.80306 1.10191 2.03970
H 1.78543 −1.13045 2.03871

H −1.10272 −1.77329 2.08510
C −0.81826 1.40780 −0.98318
C 1.62417 −0.12005 −0.98281
O −1.26175 2.35239 −1.45925
O 2.66762 −0.10567 −1.45886

2CBuD | η𝟒 | 𝐂𝟐𝐯 | Triplet

Ru 0.00000 0.00000 0.00000
C −1.14955 −1.38239 −0.69472
C −1.34403 1.31931 0.41018
O −1.81408 −2.21768 −1.11100
O −2.12629 2.11767 0.66182
C 1.87599 −0.90553 0.60474
C 1.77903 0.44710 1.15781
C 1.91700 1.00059 −0.17162
C 2.01401 −0.35202 −0.72466
H 1.77877 0.87123 2.15970
H 1.97779 −1.90376 1.02523
H 2.06179 2.00504 −0.56375
H 2.26013 −0.77001 −1.69851

1CBuD | η𝟒 | 𝐂𝐬 | Singlet
This is the ground state

Ru 0.00000 −0.00000 0.00000
C −0.88257 0.53145 1.78515
C 0.53090 0.88030 1.82207
C 0.88141 −0.53075 1.87950
C −0.52974 −0.88101 1.82192
H 1.07863 1.81445 1.93911
H −1.81125 1.09062 1.88261
H 1.80224 −1.08529 2.05031
H −1.09910 −1.80209 1.93925
C −1.37911 0.82988 −0.99659
O −2.31084 1.39053 −1.37914

1CBuD | η𝟒 | 𝐂𝐬 | Triplet

Ru 0.00000 0.00000 0.00000
C −0.58464 −1.26738 1.28899
O −0.90063 −2.01033 2.11056
C 0.63262 2.07433 −0.40536
C 1.68362 1.16238 −0.82388
C 1.88390 0.73897 0.54508
C 0.80897 1.67221 0.97277
H 2.18455 0.95779 −1.76865
H 0.02785 2.82534 −0.91103
H 2.65893 0.18902 1.07514
H 0.49220 2.06618 1.93634

0CBuD | η𝟒 | 𝐂𝟒𝐯 | Singlet
This is the ground state

Ru 0.00000 −0.00000 0.00000

228



C −0.86824 0.56130 1.77429
C 0.56127 0.86806 1.77444
C 0.86816 −0.56143 1.77424
C −0.56120 −0.86793 1.77486
H 1.14761 1.77486 1.92318
H −1.77477 1.14755 1.92456
H 1.77476 −1.14755 1.92456
H −1.14760 −1.77485 1.92300

0CBuD | η𝟒 | 𝐂𝟐𝐯 | Triplet

Ru 0.00000 0.00000 0.00000
C 1.84715 −0.74289 −0.72024
C 1.84772 −0.74990 0.71343
C 1.84714 0.74290 0.72024
C 1.84772 0.74991 −0.71343
H 2.00228 −1.51439 1.47316
H 2.00312 −1.49995 −1.48710
H 2.00312 1.49996 1.48710
H 2.00226 1.51440 −1.47316

3MBuD | η𝟒 | 𝐂𝟏 | Singlet
This is the ground state

Ru 0.00000 −0.00000 0.00000
C −1.40312 0.52698 1.59955
C −0.07608 0.92513 1.98069
C 0.94465 −0.06225 1.99410
C 0.53455 −1.38986 1.61474
H −0.37659 −1.81648 2.04261
H 1.33393 −2.12381 1.47475
H 0.19188 1.97312 2.14310
H −2.13097 1.32808 1.44604
H −1.83745 −0.37711 2.03561
C 2.37313 0.28483 2.31288
H 2.59216 1.34142 2.10370
H 3.07089 −0.33905 1.73734
H 2.56693 0.09654 3.38086
C −1.17389 −1.21526 −0.91088
C −0.38639 1.58890 −1.00591
C 1.61293 −0.34172 −0.98496
O −1.89011 −1.95809 −1.40005
O −0.63261 2.54269 −1.58592
O 2.58552 −0.56335 −1.54395

3MBuD | η𝟐 | 𝐂𝟏 | Triplet

Ru 0.00000 0.00000 0.00000
C −0.45378 −1.51422 −1.07813
C −0.88551 −0.62422 1.59364
C −1.35152 1.21860 −0.59245
O −0.79342 −2.37571 −1.75150
O −1.44044 −1.01326 2.51669

O −2.18989 1.88528 −0.99856
C 2.80109 −1.79540 −0.17468
C 2.51587 −0.60875 0.46227
C 2.13463 0.64508 −0.15195
C 1.56135 0.69926 −1.44442
H 1.74803 −0.09975 −2.16567
H 1.40045 1.68263 −1.89276
H 2.71285 −0.55746 1.53871
H 3.10003 −2.67321 0.39981
H 2.70940 −1.90896 −1.25726
C 2.36388 1.91622 0.63110
H 2.23103 1.76265 1.71219
H 1.68844 2.72025 0.30609
H 3.39873 2.26441 0.46950

3CHD | η𝟒 | 𝐂𝐬 | Singlet
This is the ground state

Ru 0.00000 −0.00000 0.00000
C −1.32297 −0.59953 1.65448
C −0.69093 0.65400 1.97064
C 0.72527 0.61577 1.97057
C 1.28862 −0.67024 1.65440
C 0.71703 −1.91339 2.31947
C −0.81941 −1.87222 2.31870
H −2.40612 −0.56123 1.50061
H −1.23641 1.59162 2.09767
H 1.32063 1.52248 2.09787
H 2.37227 −0.69048 1.50056
H 1.10787 −1.98589 3.34906
H 1.08450 −2.80421 1.78923
H −1.21473 −1.92487 3.34781
H −1.23393 −2.74128 1.78697
C −0.04683 −1.68955 −0.90048
C −1.37383 0.89430 −1.00579
C 1.42124 0.81657 −1.00587
O −0.07574 −2.72909 −1.37449
O −2.21562 1.41177 −1.58083
O 2.29070 1.28617 −1.58080

3CHD | η𝟐 | 𝐂𝟏 | Triplet

Ru 0.00000 0.00000 0.00000
C −0.27256 −0.37952 1.84170
C 1.21313 −1.42376 −0.38638
C 1.30428 1.39888 0.27889
O −0.35686 −0.68388 2.94493
O 1.94386 −2.29583 −0.52387
O 2.10627 2.18648 0.49756
C −1.78911 0.03867 −1.36575
C −2.54061 1.18672 −0.89818
C −3.34817 1.11295 0.19275
C −3.44107 −0.12276 1.03811
H −1.29688 0.09619 −2.34287
H −2.46026 2.12017 −1.45983
H −3.89440 2.00165 0.52005
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H −4.47314 −0.25852 1.39794
H −2.84397 0.05412 1.95157
C −2.96251 −1.39852 0.32869
C −1.83466 −1.17852 −0.66343
H −3.80343 −1.82557 −0.24832
H −2.68762 −2.16081 1.07216
H −1.50252 −2.07765 −1.18952

3 | 𝐂𝐬 | Singlet
This is the ground state

Ru 0.00000 0.00000 0.00000
C −1.50997 0.36272 1.13998
C −1.05090 −1.04904 −1.03420
C 1.49890 −1.14973 −0.38084
O −2.36522 0.41402 1.89801
O −1.71764 −1.69230 −1.71390
O 2.32034 −1.94080 −0.47074

3 | 𝐂𝟐𝐯 | Triplet

Ru 0.00000 0.00000 0.00000
C −1.41612 0.90840 1.02373
C −1.06430 −0.70535 −1.40288
C 1.75334 −0.68465 −0.57910
O −2.29700 1.40570 1.55411
O −1.70687 −1.13187 −2.24958
O 2.72751 −1.11976 −0.98686

3 | 𝐂𝟑𝐯 | Triplet

Ru 0.00000 0.00000 0.00000
C −0.56209 −0.30001 1.80366
C −1.32888 −1.02112 −0.92193
C 1.46219 −1.23018 −0.08659
O −0.89888 −0.64070 2.84414
O −2.08440 −1.75587 −1.37073
O 2.23157 −2.07870 −0.07869

3 | 𝐃𝟑𝐡 | Singlet

Ru 0.00000 0.00000 0.00000
C −1.06950 1.03122 1.29215
C −0.82101 −0.63977 −1.67125
C 1.89214 −0.39052 0.37861
O −1.69013 1.63146 2.04320

O −1.29800 −1.01118 −2.64286
O 2.99247 −0.61620 0.59740

2 | 𝐂𝟐𝐯 | Singlet
This is the ground state

Ru 0.00000 0.00000 0.00000
C −0.99230 −1.32560 −0.97530
C 1.38883 −1.25726 0.42541
O −1.58236 −2.11396 −1.55523
O 2.21255 −2.00505 0.68662

2 | 𝐂𝟐𝐯 | Triplet

Ru 0.00000 0.00000 0.00000
C −1.08101 −1.18334 −0.98298
C 1.43194 −1.11135 0.49962
O −1.61210 −2.03381 −1.54644
O 2.21753 −1.92387 0.71298

2 | 𝐃∞𝐡 | Triplet

Ru 0.00000 0.00000 0.00000
C −1.44921 −0.75897 −1.06991
C 1.44902 0.75907 1.07011
O −2.29355 −1.20107 −1.69333
O 2.29333 1.20154 1.69331

2 | 𝐃∞𝐡 | Singlet

Ru 0.00000 0.00000 0.00000
C −1.44958 −0.75908 −1.06984
C 1.44909 0.75923 1.07040
O −2.29352 −1.20068 −1.69316
O 2.29294 1.20168 1.69324

1 | 𝐂∞𝐯 | Triplet
This is the ground state

Ru 0.00000 0.00000 0.00000
C 1.30849 −1.18566 0.40558
O 2.14017 −1.93927 0.66337

1 | 𝐂∞𝐯 | Singlet

Ru 0.00000 0.00000 0.00000
C 1.30849 −1.18566 0.40558
O 2.14017 −1.93927 0.66337
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A.3.2 Iron analogue complexes

3COT | η𝟒 edge | 𝐂𝐬 | Singlet
This is the ground state

Fe 0.00000 0.00000 0.00000
C −1.59818 0.07919 1.42985
C −0.49922 −0.74912 1.84151
C 0.84104 −0.32103 1.84150
C 1.25636 0.99097 1.42986
C 0.94238 2.33305 1.93275
C −0.18125 2.93477 2.38201
C −1.55356 2.49646 2.38195
C −2.12032 1.35480 1.93266
H −2.44766 −0.55151 1.14448
H −0.67921 −1.81899 1.98378
H 1.60789 −1.08847 1.98377
H 2.31414 0.96949 1.14447
H 1.82677 2.97933 1.92693
H −0.04365 3.96348 2.72858
H −2.26202 3.25495 2.72845
H −3.21560 1.36878 1.92675
C −0.99089 −1.19033 −0.91571
O −1.62603 −1.94193 −1.49407
C −0.48455 1.51706 −0.82360
C 1.49742 −0.39559 −0.91571
O 2.45069 −0.63961 −1.49410
O −0.80140 2.50951 −1.28527

3COT | η𝟒 center | 𝐂𝐬 | Singlet

Fe 0.00000 0.00000 0.00000
C −1.38710 −0.90571 2.47133
C −0.27158 −1.63483 2.47008
C 0.78666 −1.35759 1.45748
C 1.54605 −0.16710 1.48684
C 1.36155 0.86676 2.54180
C 0.24924 1.59342 2.54337
C −0.77348 1.34864 1.48983
C −1.55923 0.17605 1.46025
H −2.17260 −1.05278 3.21905
H −0.09013 −2.41404 3.21684
H 1.24337 −2.23181 0.98197
H 2.55045 −0.21014 1.05266
H 2.12989 0.96762 3.31507
H 0.03415 2.33653 3.31793
H −1.21545 2.25157 1.05563
H −2.54324 0.24376 0.98478
C −0.60050 1.30468 −1.06108
C 1.43261 −0.03879 −1.06501
C −0.92787 −1.40992 −0.61260
O −1.00421 2.13092 −1.74346
O −1.51856 −2.30911 −0.99824
O 2.34970 −0.08448 −1.74913

3COT | η𝟑 | 𝐂𝐬 | Triplet

Fe 0.00000 0.00000 0.00000
C 2.16481 −2.15431 −0.56324
C 1.28485 −1.24544 −1.27334
C 1.34970 0.14700 −1.52241
C 1.70468 1.21556 −0.66380
C 2.76698 1.37578 0.31107
C 3.69313 0.52125 0.87020
C 3.93045 −0.87052 0.80828
C 3.26557 −1.98532 0.24934
H 1.90057 −3.20160 −0.73945
H 0.70013 −1.77349 −2.03299
H 0.75209 0.46302 −2.38678
H 1.37505 2.18405 −1.05265
H 2.85821 2.41207 0.65087
H 4.39721 1.03370 1.53342
H 4.80541 −1.16542 1.39636
H 3.72033 −2.93432 0.55062
C −1.36099 −1.19191 −0.07288
O −2.18774 −1.97906 −0.12259
C 0.66978 −0.52839 1.67218
C −0.90948 1.45291 0.58313
O −1.44179 2.39053 0.96144
O 1.02545 −0.84489 2.70598

2COT | η𝟔 | 𝐂𝐬 | Singlet
This is the ground state

Fe 0.00000 0.00000 0.00000
C −0.78490 −1.09319 −1.20628
O −1.26331 −1.75956 −2.00785
C 0.67360 0.93870 −1.33945
O 1.12662 1.57010 −2.18320
C −1.22206 −0.48542 1.66352
C −0.06751 −1.31345 1.66315
C 1.26208 −1.06863 1.20510
C 1.82924 0.21373 1.05286
C 1.72774 1.27279 2.09292
C 0.65081 2.04545 2.09233
C −0.38476 1.80136 1.05234
C −1.41698 0.85240 1.20534
H −2.14504 −1.07054 1.71860
H −0.32570 −2.37533 1.71822
H 1.80510 −1.95675 0.86924
H 2.76716 0.22007 0.48426
H 2.53196 1.36968 2.83009
H 0.48447 2.83872 2.82900
H −0.68039 2.69155 0.48385
H −2.43258 1.08148 0.86991

231



2COT | η𝟒 edge | 𝐂𝐬 | Triplet

Fe 0.00000 0.00000 0.00000
C −1.05474 −0.98729 −1.08272
O −1.69042 −1.64660 −1.76934
C 1.43548 −0.16357 −1.08266
O 2.33897 −0.31374 −1.76923
C −1.71194 −0.00600 1.55737
C −0.49361 −0.72363 1.90878
C 0.82776 −0.28651 1.90879
C 1.37779 1.01614 1.55748
C 0.94644 2.32279 1.65284
C −0.26136 2.95099 2.12085
C −1.55009 2.52466 2.12076
C −2.14493 1.30013 1.65268
H −2.50750 −0.69754 1.26318
H −0.64413 −1.78625 2.11578
H 1.58229 −1.04972 2.11580
H 2.42881 0.93547 1.26332
H 1.71628 3.04707 1.36505
H −0.11113 3.98733 2.43982
H −2.28875 3.26696 2.43967
H −3.19480 1.42242 1.36479

2COT | η𝟒 center | 𝐂𝟏 | Singlet

Fe 0.00000 0.00000 0.00000
C −1.30901 −1.12176 2.21114
C −0.11323 −1.72385 2.33712
C 1.02313 −1.28683 1.49565
C 1.44636 0.03628 1.51607
C 1.09303 0.99425 2.60458
C −0.05931 1.64612 2.47641
C −0.91914 1.27954 1.32386
C −1.55034 −0.02899 1.23354
H −2.15755 −1.47608 2.80652
H 0.01991 −2.57218 3.01449
H 1.62852 −2.05124 0.99951
H 2.31568 0.28420 0.88171
H 1.75784 1.09135 3.46844
H −0.40994 2.37497 3.21488
H −1.52022 2.10595 0.92539
H −2.55576 −0.04977 0.79613
C −0.76828 1.02577 −1.24436
C −0.25247 −1.54894 −0.87411
O −1.25092 1.71903 −2.01613
O −0.56025 −2.53544 −1.37006

2COT | η𝟒 center | 𝐂𝟐𝐯 | Triplet

Fe 0.00000 0.00000 0.00000

C −1.36549 −0.92275 2.44434
C −0.23573 −1.63109 2.44436
C 0.81772 −1.34498 1.43387
C 1.56687 −0.15012 1.43388
C 1.36547 0.92276 2.44436
C 0.23572 1.63111 2.44433
C −0.81772 1.34499 1.43384
C −1.56688 0.15012 1.43385
H −2.15536 −1.10301 3.18143
H −0.05390 −2.42059 3.18146
H 1.25903 −2.21726 0.93900
H 2.54429 −0.16735 0.93902
H 2.15533 1.10303 3.18147
H 0.05388 2.42062 3.18142
H −1.25904 2.21726 0.93897
H −2.54430 0.16736 0.93900
C −1.08241 0.67844 −1.28671
C 1.08244 −0.67845 −1.28669
O −1.78558 1.11918 −2.07888
O 1.78560 −1.11920 −2.07886

1COT | η𝟒 edge | 𝐂𝟏 | Triplet
This is the ground state

Fe 0.00000 0.00000 0.00000
C −1.71831 −0.12655 1.58854
C −0.45146 −0.74488 1.94731
C 0.84127 −0.22571 1.94730
C 1.32850 1.09714 1.58862
C 0.81877 2.38263 1.72396
C −0.43300 2.92563 2.12743
C −1.71095 2.41237 2.12748
C −2.23939 1.15439 1.72407
H −2.47368 −0.87299 1.32001
H −0.51954 −1.81676 2.16019
H 1.63184 −0.95272 2.16024
H 2.39031 1.08053 1.32000
H 1.55987 3.15532 1.49092
H −0.37731 3.99131 2.37095
H −2.48826 3.14349 2.37104
H −3.30911 1.19978 1.49117
C −0.29200 0.72611 −1.66558
O −0.50287 1.25046 −2.66005

1COT | η𝟔 | 𝐂𝟏 | Triplet

Fe 0.00000 0.00000 0.00000
C 0.47811 0.89016 −1.59526
O 0.83443 1.60515 −2.41635
C −1.04143 −0.83865 1.65336
C 0.29544 −1.31119 1.64851
C 1.51505 −0.66564 1.25164
C 1.76887 0.71156 1.12453
C 1.30883 1.75173 2.07544
C 0.05944 2.20540 2.06516
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C −0.95102 1.67393 1.11590
C −1.58690 0.42999 1.24462
H −1.78270 −1.63956 1.72711
H 0.36602 −2.40128 1.71899
H 2.27753 −1.36119 0.87649
H 2.71577 0.94045 0.61882
H 2.04083 2.13690 2.79822
H −0.26898 2.97405 2.77253
H −1.55863 2.43488 0.61216
H −2.60485 0.34919 0.84684

1COT | η𝟔 | 𝐂𝐬 | Singlet

Fe 0.00000 0.00000 0.00000
C 0.39203 0.64171 −1.57373
O 0.64231 1.05116 −2.61902
C −1.17445 −0.54328 1.65086
C 0.05288 −1.29282 1.65085
C 1.35244 −0.99112 1.16109
C 1.82364 0.31174 0.81911
C 1.69464 1.49669 1.70735
C 0.55833 2.19055 1.70784
C −0.55522 1.76474 0.81991
C −1.49928 0.75074 1.16163
H −2.04132 −1.19650 1.78209
H −0.13197 −2.36241 1.78204
H 1.96274 −1.86488 0.91024
H 2.75288 0.29631 0.23507
H 2.55192 1.78869 2.32393
H 0.42672 3.08606 2.32517
H −0.99285 2.58419 0.23531
H −2.55502 0.89448 0.90931

1COT | η𝟒 center | 𝐂𝐬 | Triplet

Fe 0.00000 0.00000 0.00000
C −1.44311 −0.89151 2.27819
C −0.34063 −1.66154 2.27860
C 0.79746 −1.42014 1.35852
C 1.54577 −0.21663 1.35840
C 1.39000 0.82685 2.41597
C 0.29723 1.59042 2.41524
C −0.73546 1.37697 1.35723
C −1.60777 0.25980 1.35758
H −2.27780 −1.14114 2.94220
H −0.28796 −2.53096 2.94287
H 1.25012 −2.31041 0.90749
H 2.52428 −0.26469 0.85745
H 2.15746 0.91730 3.19289
H 0.11768 2.34272 3.19152
H −1.11798 2.27906 0.85657
H −2.59952 0.37838 0.90667
C −0.81648 −1.17120 −1.19161
O −1.33949 −1.92067 −1.88182

1COT | η𝟒 edge | 𝐂𝐬 | Singlet

Fe 0.00000 0.00000 0.00000
C −1.57624 0.01691 1.24163
C −0.48577 −0.73339 1.82780
C 0.83586 −0.27416 1.82782
C 1.22615 0.99064 1.24165
C 0.90067 2.36371 1.68494
C −0.25138 2.94291 2.07695
C −1.62757 2.46475 2.07690
C −2.17227 1.29599 1.68487
H −2.37477 −0.67007 0.92295
H −0.63119 −1.80295 2.02486
H 1.61315 −1.02312 2.02487
H 2.27861 0.94681 0.92296
H 1.77157 3.02869 1.68155
H −0.15823 3.99054 2.38019
H −2.35027 3.22893 2.38006
H −3.26786 1.27773 1.68137
C −0.45556 1.31087 −1.10788
O −0.78228 2.25338 −1.66997

1COT | η𝟒 center | 𝐂𝟏 | Singlet

Fe 0.00000 0.00000 0.00000
C −0.61674 1.62287 2.20921
C −1.59130 0.69597 2.20508
C −1.51308 −0.45627 1.27341
C −0.43542 −1.39889 1.33773
C 0.49245 −1.48947 2.50439
C 1.45341 −0.57136 2.50921
C 1.41469 0.36471 1.34586
C 0.53381 1.49045 1.28243
H −0.68573 2.50398 2.85480
H −2.47035 0.80652 2.84780
H −2.45740 −0.77398 0.81557
H −0.60809 −2.32738 0.76376
H 0.33166 −2.22143 3.30245
H 2.18722 −0.44620 3.31242
H 2.34977 0.48274 0.76821
H 0.89982 2.41673 0.82502
C −1.05590 1.15028 −0.93885
O −1.80465 1.94637 −1.28343

0COT | η𝟔 | 𝐂𝐬 | Triplet
This is the ground state

Fe 0.00000 0.00000 0.00000
C −1.50790 −0.67433 1.16617
C −0.30036 −1.29045 1.63883
C 1.04416 −0.81545 1.63967
C 1.59650 0.42263 1.16676
C 0.91500 1.64930 0.90711
C −0.08857 2.24897 1.82689
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C −1.34410 1.80568 1.82655
C −1.74740 0.70830 0.90622
H −2.27695 −1.39153 0.85239
H −0.37250 −2.37510 1.77177
H 1.78137 −1.61417 1.77322
H 2.64536 0.34710 0.85265
H 1.53896 2.38016 0.37677
H 0.23223 3.05569 2.49712
H −2.10083 2.23213 2.49604
H −2.69191 0.88531 0.37570

0COT | η𝟒 center | 𝐂𝟐𝐯 | Triplet

Fe 0.00000 0.00000 0.00000
C −1.39496 −0.92172 2.24042
C −0.26647 −1.65060 2.24042
C 0.81614 −1.38220 1.25708
C 1.59554 −0.17548 1.25710
C 1.39494 0.92168 2.24048
C 0.26645 1.65056 2.24048
C −0.81613 1.38220 1.25710
C −1.59555 0.17548 1.25708
H −2.20050 −1.15313 2.94697
H −0.14612 −2.48003 2.94697
H 1.30563 −2.26682 0.82489
H 2.60319 −0.25782 0.82491
H 2.20045 1.15305 2.94707
H 0.14607 2.47996 2.94707
H −1.30559 2.26682 0.82491
H −2.60320 0.25785 0.82489

0COT | η𝟔 | 𝐂𝐬 | Singlet

Fe 0.00000 0.00000 0.00000
C −1.17293 −0.49837 1.58807
C −0.00509 −1.34410 1.57814
C 1.31085 −1.08289 1.12530
C 1.77240 0.24929 0.85928
C 1.70546 1.39092 1.81495
C 0.63693 2.18332 1.75578
C −0.47301 1.83901 0.82295
C −1.43223 0.83706 1.13188
H −2.08375 −1.10498 1.62793
H −0.26234 −2.40287 1.68851
H 1.92777 −1.95657 0.88412
H 2.67312 0.27003 0.22353
H 2.53784 1.58110 2.50227
H 0.53416 3.07240 2.38888
H −0.89636 2.69638 0.28205
H −2.47873 1.00593 0.85032

0COT | η𝟒 center | 𝐂𝟐𝐯 | Singlet

Fe 0.00000 0.00000 0.00000
C −1.39657 −0.92772 2.25305

C −0.27127 −1.65454 2.25305
C 0.74238 −1.33925 1.21414
C 1.52605 −0.12590 1.21415
C 1.39656 0.92771 2.25308
C 0.27126 1.65452 2.25308
C −0.74237 1.33924 1.21415
C −1.52606 0.12591 1.21414
H −2.20391 −1.10526 2.97164
H −0.10107 −2.46345 2.97164
H 1.20692 −2.20138 0.70707
H 2.50293 −0.19475 0.70705
H 2.20389 1.10521 2.97169
H 0.10103 2.46342 2.97169
H −1.20689 2.20137 0.70705
H −2.50295 0.19478 0.70707

0COT | η𝟒 edge | 𝐂𝐬 | Singlet

Fe 0.00000 0.00000 0.00000
C −1.58620 0.02836 1.19884
C −0.48870 −0.74284 1.75470
C 0.84249 −0.28451 1.75466
C 1.23241 0.99899 1.19887
C 0.90762 2.36613 1.65327
C −0.24412 2.94608 2.05112
C −1.62150 2.47192 2.05063
C −2.17196 1.30586 1.65261
H −2.39062 −0.65543 0.88304
H −0.63728 −1.81288 1.94851
H 1.61835 −1.03623 1.94845
H 2.28726 0.95547 0.88295
H 1.77671 3.03467 1.64937
H −0.14829 3.99180 2.36147
H −2.34092 3.23714 2.36034
H −3.26840 1.29785 1.64791

3 | 𝐂𝟐𝐯 | Triplet
This is the ground state

Fe 0.00000 0.00000 0.00000
C −1.26515 0.88849 1.04037
C −1.02614 −0.67214 −1.35960
C 1.70184 −0.60276 −0.46136
O −2.08320 1.41497 1.63721
O −1.66816 −1.09324 −2.20992
O 2.71950 −0.99874 −0.79331

3 | 𝐂𝟑𝐯 | Triplet

Fe 0.00000 0.00000 0.00000
C −0.53967 −0.20782 1.75566
C −1.29864 −0.92226 −0.93788
C 1.46197 −1.12545 −0.11334
O −0.87451 −0.39995 2.83244
O −2.09102 −1.54404 −1.48009
O 2.32976 −1.86918 −0.16046
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3 | 𝐂𝐬 | Singlet

Fe 0.00000 0.00000 0.00000
C −1.27944 0.22852 1.24245
C −1.01719 −1.08500 −0.94094
C 1.40560 −1.11563 −0.11018
O −2.04503 0.21075 2.09581
O −1.67997 −1.75882 −1.58693
O 2.21782 −1.92283 −0.05120

3 | 𝐃𝟑𝐡 | Singlet

Fe 0.00000 0.00000 0.00000
C −1.00186 0.96465 1.20974
C −0.76975 −0.59975 −1.56383
C 1.77156 −0.36555 0.35454
O −1.62352 1.56259 1.96122
O −1.24767 −0.97273 −2.53399
O 2.87079 −0.59320 0.57498

2 | 𝐃∞𝐡 | Triplet
This is the ground state

Fe 0.00000 0.00000 0.00000
C −1.35400 −0.70990 −0.99987
C 1.35455 0.70888 0.99989
O −2.19991 −1.15375 −1.62476
O 2.20112 1.15145 1.62479

2 | 𝐂𝟐𝐯 | Triplet

Fe 0.00000 0.00000 0.00000

C −0.95025 −1.29258 −0.93979
C 1.33515 −1.22761 0.40842
O −1.42197 −2.18560 −1.48160
O 2.07557 −2.08505 0.58205

2 | 𝐃∞𝐡 | Singlet

Fe 0.00000 0.00000 0.00000
C −1.35037 −0.70763 −0.99723
C 1.35065 0.70711 0.99725
O −2.19565 −1.15085 −1.62132
O 2.19628 1.14964 1.62134

2 | 𝐂𝟐𝐯 | Singlet

Fe 0.00000 0.00000 0.00000
C −0.87024 −1.21600 −0.87043
C 1.23312 −1.15571 0.37069
O −1.43688 −2.03676 −1.44584
O 2.04490 −1.93688 0.60865

1 | 𝐂∞𝐯 | Triplet
This is the ground state

Fe 0.00000 0.00000 0.00000
C 1.27070 −1.15142 0.39387
O 2.10102 −1.90379 0.65124

1 | 𝐂∞𝐯 | Singlet

Fe 0.00000 0.00000 0.00000
C 1.23166 −1.11606 0.38184
O 2.06265 −1.86905 0.63946
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B.1 Additional Angle Analysis Results
Below we provide the full set of energy decomposition analysis and tilt angle analysis plots.
Figure B.1–Figure B.3 present the energy decomposition analysis for sams on Au(100) with the higher
density for hdtcooh, hdth, and hdtoh, in this order. Similarly, Figure B.4–Figure B.6 present the
results for Au(100) with the lower density; Figure B.7–Figure B.9 corresponds to Au(111) with higher
density, and Figure B.10–Figure B.12, to Au(111) with lower density. Figure B.13–Figure B.24 present
the tilt angle scan analyses in that same order.

B.1.1 Energy decomposition analysis for all ligands, surfaces, and densities
Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.1 – Energy decomposition analysis as a function of ligand tilt angle for hdtcooh on Au(100) with a
density of 4.73 nm−2. For each component, the relative energy is referenced to the respective value at 0°.

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.2 – Energy decomposition analysis as a function of ligand tilt angle for hdth on Au(100) with a
density of 4.73 nm−2. For each component, the relative energy is referenced to the respective value at 0°.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.3 – Energy decomposition analysis as a function of ligand tilt angle for hdtoh on Au(100) with a
density of 4.73 nm−2. For each component, the relative energy is referenced to the respective value at 0°.

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.4 – Energy decomposition analysis as a function of ligand tilt angle for hdtcooh on Au(100) with a
density of 4.17 nm−2. For each component, the relative energy is referenced to the respective value at 0°.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.5 – Energy decomposition analysis as a function of ligand tilt angle for hdth on Au(100) with a
density of 4.17 nm−2. For each component, the relative energy is referenced to the respective value at 0°.

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.6 – Energy decomposition analysis as a function of ligand tilt angle for hdtoh on Au(100) with a
density of 4.17 nm−2. For each component, the relative energy is referenced to the respective value at 0°.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.7 – Energy decomposition analysis as a function of ligand tilt angle for hdtcooh on Au(111) with a
density of 4.67 nm−2. For each component, the relative energy is referenced to the respective value at 0°.

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.8 – Energy decomposition analysis as a function of ligand tilt angle for hdth on Au(111) with a
density of 4.67 nm−2. For each component, the relative energy is referenced to the respective value at 0°.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.9 – Energy decomposition analysis as a function of ligand tilt angle for hdtoh on Au(111) with a
density of 4.67 nm−2. For each component, the relative energy is referenced to the respective value at 0°.

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.10 – Energy decomposition analysis as a function of ligand tilt angle for hdtcooh on Au(111) with
a density of 4.21 nm−2. For each component, the relative energy is referenced to the respective value at 0°.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.11 – Energy decomposition analysis as a function of ligand tilt angle for hdth on Au(111) with a
density of 4.21 nm−2. For each component, the relative energy is referenced to the respective value at 0°.

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.12 – Energy decomposition analysis as a function of ligand tilt angle for hdtoh on Au(111) with a
density of 4.21 nm−2. For each component, the relative energy is referenced to the respective value at 0°.
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B.1.2 Tilt angle analysis for all ligands, surfaces, and densities

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.13 – Ligand tilt angle analysis for hdtcooh on Au(100) at a density of 4.73 nm−2. Pairwise
interaction energies (top) and total energies (bottom) against ligand tilt angle α for different charge damping
factors.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.14 – Ligand tilt angle analysis for hdth on Au(100) at a density of 4.73 nm−2. Pairwise interaction
energies (top) and total energies (bottom) against ligand tilt angle α for different charge damping factors.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.15 – Ligand tilt angle analysis for hdtoh on Au(100) at a density of 4.73 nm−2. Pairwise interaction
energies (top) and total energies (bottom) against ligand tilt angle α for different charge damping factors.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.16 – Ligand tilt angle analysis for hdtcooh on Au(100) at a density of 4.17 nm−2. Pairwise
interaction energies (top) and total energies (bottom) against ligand tilt angle α for different charge damping
factors.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8
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Set 5 Set 6 Set 7 Set 8

Figure B.17 – Ligand tilt angle analysis for hdth on Au(100) at a density of 4.17 nm−2. Pairwise interaction
energies (top) and total energies (bottom) against ligand tilt angle α for different charge damping factors.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.18 – Ligand tilt angle analysis for hdtoh on Au(100) at a density of 4.17 nm−2. Pairwise interaction
energies (top) and total energies (bottom) against ligand tilt angle α for different charge damping factors.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8
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Set 5 Set 6 Set 7 Set 8

Figure B.19 – Ligand tilt angle analysis for hdtcooh on Au(111) at a density of 4.67 nm−2. Pairwise
interaction energies (top) and total energies (bottom) against ligand tilt angle α for different charge damping
factors.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.20 – Ligand tilt angle analysis for hdth on Au(111) at a density of 4.67 nm−2. Pairwise interaction
energies (top) and total energies (bottom) against ligand tilt angle α for different charge damping factors.
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Set 5 Set 6 Set 7 Set 8
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Set 5 Set 6 Set 7 Set 8

Figure B.21 – Ligand tilt angle analysis for hdtoh on Au(111) at a density of 4.67 nm−2. Pairwise interaction
energies (top) and total energies (bottom) against ligand tilt angle α for different charge damping factors.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8

Figure B.22 – Ligand tilt angle analysis for hdtcooh on Au(111) at a density of 4.21 nm−2. Pairwise interaction
energies (top) and total energies (bottom) against ligand tilt angle α for different charge damping factors.
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Set 1 Set 2 Set 3 Set 4
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Set 5 Set 6 Set 7 Set 8

Figure B.23 – Ligand tilt angle analysis for hdth on Au(111) at a density of 4.21 nm−2. Pairwise interaction
energies (top) and total energies (bottom) against ligand tilt angle α for different charge damping factors.
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Set 1 Set 2 Set 3 Set 4

Set 5 Set 6 Set 7 Set 8
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Set 5 Set 6 Set 7 Set 8

Figure B.24 – Ligand tilt angle analysis for hdtoh on Au(111) at a density of 4.21 nm−2. Pairwise interaction
energies (top) and total energies (bottom) against ligand tilt angle α for different charge damping factors.
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B.1.3 Final geometries for SAMs on Au(111)
Here we present the analysis of the final geometries, as presented in Figure 4.7, for all three
ligands on Au(111).

Figure B.25 – Final hdtcooh sam model on Au(111) surface after 3 000 000 optimisation steps. The initial
geometry replicates the (√3 × √3) R30∘ adsorption pattern and 𝑐(4 × 2) superlattice packing, consistent
with Structure III from Zhang, Goddard & Jiang [342]. Blue spheres: carbon; yellow spheres: sulphur; red
spheres: oxygen; white spheres (on chains): hydrogen; black, grey, and white spheres: top, middle, and bottom
gold layers, respectively. (A) Evolution of the ligand tilt angle α during the optimisation; (B) evolution of the
precession (azimuthal) angle β during the optimisation. In both cases, solid lines show mean values, while
shaded areas represent one (orange) and two (yellow) standard deviations. (C) Histogram of the twist angles ω
after optimisation. (D) Top and side orthographic projections, along with a perspective view, illustrating the final
system’s geometry. The inset in (D) provides a closer view of the sulphur atom arrangement, showing only
the carbon atoms directly attached to the sulphurs for clarity. Hydrogen atoms from the hydrocarbon portion
and the two bottommost gold layers are omitted for clarity. The edges of the system were trimmed for clearer
visualisation.
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Figure B.26 – Final hdth sam model on Au(111) surface after 3 000 000 optimisation steps. The initial
geometry replicates the (√3 × √3) R30∘ adsorption pattern and 𝑐(4 × 2) superlattice packing, consistent with
Structure III from Zhang, Goddard & Jiang [342]. Blue spheres: carbon; yellow spheres: sulphur; black, grey,
and white spheres: top, middle, and bottom gold layers, respectively. (A) Evolution of the ligand tilt angle α
during the optimisation; (B) evolution of the precession (azimuthal) angle β during the optimisation. In both
cases, solid lines show mean values, while shaded areas represent one (orange) and two (yellow) standard
deviations. (C) Histogram of the twist angles ω after optimisation. (D) Top and side orthographic projections,
along with a perspective view, illustrating the final system’s geometry. The inset in (D) provides a closer view
of the sulphur atom arrangement, showing only the carbon atoms directly attached to the sulphurs for clarity.
Hydrogen atoms and the two bottommost gold layers are omitted for clarity. The edges of the system were
trimmed for clearer visualisation.
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Figure B.27 – Final hdtoh sam model on Au(111) surface after 3 000 000 optimisation steps. The initial
geometry replicates the (√3 × √3) R30∘ adsorption pattern and 𝑐(4 × 2) superlattice packing, consistent
with Structure III from Zhang, Goddard & Jiang [342]. Blue spheres: carbon; yellow spheres: sulphur; red
spheres: oxygen; white spheres (on chains): hydrogen; black, grey, and white spheres: top, middle, and bottom
gold layers, respectively. (A) Evolution of the ligand tilt angle α during the optimisation; (B) evolution of the
precession (azimuthal) angle β during the optimisation. In both cases, solid lines show mean values, while
shaded areas represent one (orange) and two (yellow) standard deviations. (C) Histogram of the twist angles ω
after optimisation. (D) Top and side orthographic projections, along with a perspective view, illustrating the final
system’s geometry. The inset in (D) provides a closer view of the sulphur atom arrangement, showing only
the carbon atoms directly attached to the sulphurs for clarity. Hydrogen atoms from the hydrocarbon portion
and the two bottommost gold layers are omitted for clarity. The edges of the system were trimmed for clearer
visualisation.
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B.2 Geometries, Topologies, and Force Field Parameters
This section provides a comparison between key parameters discussed in the main text as well as
links for all relevant files utilised in the simulations in readily usable format. The functional forms of
the Morse and lj potentials defined for the files are discussed in § 2.2.1

S
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OH

OH

O

HDT

HDT
OH

HDT
COOH

SP

SP

SP

CR

CR

CR

CR1 (carbon)
HCMN (hydrogens)

CR

C=OCR1

CR2

CR2

OR
HOR

OR
HOCO

O=C

Figure B.28 – Atom types for the different ligands as defined in the cgenff. Hydrogens not designated in
the figure are labelled HCMM.

Table B.1 – cgenff and nbo partial charges (in Coulomb) for all ligand atoms.

Atom Type CGenFF NBO∗ Description

CR −0.18 −0.37 Non-terminal carbon atoms
CR1† (hdth) −0.27 −0.58 Terminal group carbon atom
CR1† (hdtoh) 0.05 −0.05 Terminal group carbon atom (connected to –OH)

CR2† −0.38 −0.56 Carbon atom connected to head-group (S)
C––O 0.80 0.77 Carbonyl carbon atom

HCMM
HCMN

0.09 0.19 Hydrogen atoms connected to carbon

HOR 0.42 0.45 –OH hydrogen atom in hdtoh

HOCO 0.42 0.49 –OH hydrogen atom in hdtcooh

OR −0.65 −0.70 –OH oxygen atom in hdtoh and hdtcooh

O––C −0.55 −0.58 Carboxyl oxygen atom in hdtcooh

SP 0.20 0.10 Sulphur head-group

* The values shown here are representative values for each atom type to facilitate comparison. They differ slightly
between ligands and specific atom instances in the chains. See files below for detailed figures.

† These atom types are defined in the cgenff sets of parameters, but are assigned as CR in the SwissParam sets.
We used them here to facilitate differentiation. For hdtcooh, CR2 in this table reads as CR1 in the files. For
hdtoh, CR1 in this table reads as CR.
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Table B.2 – Relevant files utilised in the various md simulations described in this work. Partial charges are
contained in the psf files. The Finnis–Sinclair potential for Au and the Morse potential for the Au – S interaction
is stored in the .pot files, native to MBN Explorer. All psf files are for single molecules. They can be replicated
for as many molecules as the system will have.

DFT Optimised Geometries
hdtcooh xyz file HDT-COOH_DFT_Opt.xyz
hdth xyz file HDT_DFT_Opt.xyz
hdtoh xyz file HDT-OH_DFT_Opt.xyz

Sets 1–8 parameter, geometry, and topology files
hdtcooh

pdb geometry file Sets 1–4 HDT-COOH_CGenFF.pdb
pdb geometry file Sets 5–8 HDT-COOH_MMFF.pdb
psf topology file Sets 1,3 HDT-COOH_CGenFF_CGenFF.psf
psf topology file Sets 2,4 HDT-COOH_CGenFF_NBO.psf
psf topology file Sets 5,7 HDT-COOH_MMFF_CGenFF.psf
psf topology file Sets 6,8 HDT-COOH_MMFF_NBO.psf
prm parameter file Sets 1,2 HDT-COOH_CGenFF.prm
prm parameter file Sets 3,4 HDT-COOH_CGenFF_UFF.prm
prm parameter file Sets 7,8 HDT-COOH_MMFF_UFF.prm
prm parameter file Sets 5,6 HDT-COOH_MMFF.prm

hdth

pdb geometry file Sets 1–4 HDT_CGenFF.pdb
pdb geometry file Sets 5–8 HDT_MMFF.pdb
psf topology file Sets 1,3 HDT_CGenFF_CGenFF.psf
psf topology file Sets 2,4 HDT_CGenFF_NBO.psf
psf topology file Sets 5,7 HDT_MMFF_CGenFF.psf
psf topology file Sets 6,8 HDT_MMFF_NBO.psf
prm parameter file Sets 1,2 HDT_CGenFF.prm
prm parameter file Sets 3,4 HDT_CGenFF_UFF.prm
prm parameter file Sets 5,6 HDT_MMFF.prm
prm parameter file Sets 7,8 HDT_MMFF_UFF.prm

hdtoh

pdb geometry file Sets 1–4 HDT-OH_CGenFF.pdb
pdb geometry file Sets 5–8 HDT-OH_MMFF.pdb
psf topology file Sets 1,3 HDT-OH_CGenFF_CGenFF.psf
psf topology file Sets 2,4 HDT-OH_CGenFF_NBO.psf
psf topology file Sets 5,7 HDT-OH_MMFF_CGenFF.psf
psf topology file Sets 6,8 HDT-OH_MMFF_NBO.psf
prm parameter file Sets 1,2 HDT-OH_CGenFF.prm
prm parameter file Sets 3,4 HDT-OH_CGenFF_UFF.prm
prm parameter file Sets 5,6 HDT-OH_MMFF.prm
prm parameter file Sets 7,8 HDT-OH_MMFF_UFF.prm

General POT file containing Au Finnis-Sinclair and
Au–S Morse parameters

Potential.pot

Final Unit Cell Geometries, Topologies, and FF Parameters
hdtcooh

pdb geometry file HDT-COOH_Final_Unit_Cell.pdb
psf topology file HDT-COOH_Final.psf
prm parameter file HDT-COOH_Final.prm

hdth

pdb geometry file HDT_Final_Unit_Cell.pdb
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https://github.com/cpsocara/SAM_Files/blob/main/DFT_Geometries/HDT-COOH_DFT_Opt.xyz
https://github.com/cpsocara/SAM_Files/blob/main/DFT_Geometries/HDT_DFT_Opt.xyz
https://github.com/cpsocara/SAM_Files/blob/main/DFT_Geometries/HDT-OH_DFT_Opt.xyz
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PDB/HDT-COOH_CGenFF.pdb
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PDB/HDT-COOH_MMFF.pdb
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PSF/HDT-COOH_CGenFF_CGenFF.psf
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PSF/HDT-COOH_CGenFF_NBO.psf
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PSF/HDT-COOH_MMFF_CGenFF.psf
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PSF/HDT-COOH_MMFF_NBO.psf
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PRM/HDT-COOH_CGenFF.prm
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PRM/HDT-COOH_CGenFF_UFF.prm
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PRM/HDT-COOH_MMFF_UFF.prm
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PRM/HDT-COOH_MMFF.prm
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PDB/HDT_CGenFF.pdb
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PDB/HDT_MMFF.pdb
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PSF/HDT_CGenFF_CGenFF.psf
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PSF/HDT_CGenFF_NBO.psf
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PSF/HDT_MMFF_CGenFF.psf
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PSF/HDT_MMFF_NBO.psf
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PRM/HDT_CGenFF.prm
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PRM/HDT_CGenFF_UFF.prm
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PRM/HDT_MMFF.prm
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PRM/HDT_MMFF_UFF.prm
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PDB/HDT-OH_CGenFF.pdb
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PDB/HDT-OH_MMFF.pdb
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PSF/HDT-OH_CGenFF_CGenFF.psf
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PSF/HDT-OH_CGenFF_NBO.psf
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PSF/HDT-OH_MMFF_CGenFF.psf
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PSF/HDT-OH_MMFF_NBO.psf
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PRM/HDT-OH_CGenFF.prm
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PRM/HDT-OH_CGenFF_UFF.prm
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PRM/HDT-OH_MMFF.prm
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/PRM/HDT-OH_MMFF_UFF.prm
https://github.com/cpsocara/SAM_Files/blob/main/Sets_1-8/Potential.pot
https://github.com/cpsocara/SAM_Files/blob/main/Final_Geometry/HDT-COOH_Final_Unit_Cell.pdb
https://github.com/cpsocara/SAM_Files/blob/main/Final_Geometry/HDT-COOH_Final.psf
https://github.com/cpsocara/SAM_Files/blob/main/Final_Geometry/HDT-COOH_Final.prm
https://github.com/cpsocara/SAM_Files/blob/main/Final_Geometry/HDT_Final_Unit_Cell.pdb


psf topology file HDT_Final.psf
prm parameter file HDT_Final.prm

hdtoh

pdb geometry file HDT-OH_Final_Unit_Cell.pdb
psf topology file HDT-OH_Final.psf
prm parameter file HDT-OH_Final.prm

General pot file containing Au Finnis–Sinclair and
Au–S Morse parameters

Potential_Final.pot
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Computational strategies for modelling
excited states in organometallic chemistryy

Cauê P. Souza and Felipe Fantuzzi*
DOI: 10.1039/9781837676200-00271

This chapter explores advanced computational methods and strategies to model excited
states in organometallic systems, essential for advancing discovery, design, and com-
prehension in fields such as photocatalysis, artificial photosynthesis, and light-responsive
materials. We initiate with a fundamental discussion on available quantum mechanical ap-
proaches for organometallic compounds, stressing the importance of carefully choosing
theoretical methods that are specifically suited to their unique characteristics. We delineate
the theoretical underpinnings and practical applications of various electronic structure
methods, including density functional theory (DFT) and post-Hartree–Fock approaches, and
detail their adaptability to the unique properties of transition metal complexes. Particular
attention is given tomultireference and perturbativemethods, which are critical for accurately
describing the complex electronic structure typical of organometallic compounds. Through
hierarchical classification, critical evaluation, and carefully curated references, this chapter
serves as both a primer and a deep dive into the computational toolbox available for or-
ganometallic researchers, offering insights into method selection and application challenges.

1 Electronic structure methods

Recent decades have seen the emergence of a plethora of quantum
mechanical methods to simulate and predict the properties and energies
of excited states, with applications extending across a variety of chemical
systems. To the untrained eye, such diversity might give the impression
that any particular problem can be solved equally in many ways. However,
navigating judiciously this complex array of methods requires an under-
standing of the theoretical basis and capabilities of each method in order
to critically assess their suitability for the problem at hand. One must be
able to tell alpacas from llamas, and this is not done by their hums.

In this chapter, we aim to cover the most significant aspects of electronic
structure levels of theory (Section 1) and accompanying excited state
methods (Section 2), offering a hierarchical classification whenever possible.
Applications and current practical achievements in the context of excited
state calculations of organometallic systems are discussed in Section 3.
Careful attention is given to the approximations made and their impact on
accuracy when treating organometallics. In doing so, we avoid diving into
extensive mathematical formalism, but appropriate references are provided
for interested readers. This chapter, therefore, serves as an introductory
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ABSTRACT
Self-assembled monolayers (SAMs) of alkanethiols on gold surfaces are important for various technological applications, such as electroana-
lytical sensors, organic electronic devices, and catalysts. However, providing a consistent computational description of the unique structural
features of these SAMs, such as adsorption patterns, chain conformations, and superlattice arrangements, is challenging, particularly within a
versatile computational framework that can simulate both the structural features of these systems and their irradiation-driven chemical trans-
formations. This study systematically analyzes molecular mechanics force field parameters for bonded and nonbonded (van der Waals and
electrostatic) interactions in alkanethiol SAMs with different terminal groups. Using structure optimization and energy decomposition anal-
ysis, we assess the impact of force field parameters on key properties, such as the equilibrium tilt angle, ligand packing density, and nanoscale
structural organization. Based on this detailed benchmarking, an optimal set of force field parameters has been identified that reproduces
the experimentally determined structural and energetic properties of SAMs and ensures their dynamic stability at room temperature. This
provides a validated framework for simulating pristine and functionalized alkanethiol-coated substrates under thermal conditions relevant to
experimental applications.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0274290

I. INTRODUCTION

Self-assembled monolayers (SAMs) are key nanoscale architec-
tures with widespread impact on current scientific and technological
landscape. Since the first report of self-assembled chemical systems,1
SAMs have been extensively studied and used in various applica-
tions. These range from electronic devices—such as electroanalytical
sensors,2,3 biosensors,4,5 and organic electronics6–9—to the control
and enhancement of catalysts,10,11 crystal nucleation,12 and other

nanotechnology applications.13–16 Among the many types of SAMs,
alkanethiols—organic molecules consisting of a hydrocarbon chain
with a thiol (–SH) head-group—have been widely used because of
their strong chemisorption onto metal surfaces, especially gold and
silver. Functionalized alkanethiol SAMs, in which the terminal end
of the hydrocarbon chain is modified with specific functional groups,
have proven to be particularly robust and versatile. Since their
introduction in the early 1980s,17 these alkanethiol-based SAMs
have found increasing utility in the fields mentioned above due

J. Chem. Phys. 163, 094704 (2025); doi: 10.1063/5.0274290 163, 094704-1

© Author(s) 2025

 03 Septem
ber 2025 12:45:16

This work featured in SciLight:
B Ikenson, “Advancing the understanding of self-assembled monolayers”, Scilight, 2025, 2025, 361105,

DOI: 10.1063/10.0039292

264

https://dx.doi.org/10.1039/9781837676200-00271
http://doi.org/10.1039/9781837676200-00271
https://dx.doi.org/10.1039/9781837676200-00271
https://doi.org/10.1039/9781837676200-00271
https://dx.doi.org/10.1063/5.0274290
http://doi.org/10.1063/5.0274290
https://dx.doi.org/10.1063/5.0274290
https://dx.doi.org/10.1063/5.0274290
https://doi.org/10.1063/5.0274290
https://dx.doi.org/10.1063/10.0039292
http://doi.org/10.1063/10.0039292
https://doi.org/10.1063/10.0039292


3 C P Souza, A V Verkhovtsev, A V Walker, N J Mason, A V Solov’yov, L McElwee-White,
M Zlatar and F Fantuzzi, “Excited-state dissociation of (𝜂4-diene)Ru(CO)3 precursors for
photo-assisted chemical vapour deposition”, Phys Chem Chem Phys, 2026, 28, 17804–17817,
DOI: 10.1039/d6cp00843g

17804 |  Phys. Chem. Chem. Phys., 2026, 28, 17804–17817 This journal is © the Owner Societies 2026

Cite this: Phys. Chem. Chem. Phys.,

2026, 28, 17804

Excited-state dissociation of (g4-diene)Ru(CO)3

precursors for photo-assisted chemical
vapour deposition

Cauê P. Souza, a Alexey V. Verkhovtsev, b Amy V. Walker, c

Nigel J. Mason, d Andrey V. Solov’yov, b Lisa McElwee-White, e

Matija Zlatar *f and Felipe Fantuzzi *a

Ruthenium p-diene carbonyl complexes have emerged as promising precursors for photo-assisted

chemical vapour deposition (PACVD), yet their photodissociation mechanisms remain unclear. Here we

use static quantum-chemical calculations to map the excited-state dissociation landscape of (Z4-

diene)Ru(CO)3 precursors (diene = BuD, MBuD, CHD, COT, CBuD). Ground-state DFT optimisations and

Ru–ligand scans are combined with TD-DFT excitations and adiabatic singlet potential energy surface

profiles to identify CO- and diene-loss pathways, while EDA–NOCV and natural transition orbital ana-

lyses rationalise the Ru–diene bonding and the character of the bright states that drive reactivity. Calcu-

lated UV-vis spectra reproduce experimental trends, including the markedly higher absorptivity and

extended wavelength coverage of the COT-containing complex. CO loss is generally enabled by a range

of ligand-field or charge-transfer excitations and internal conversion-assisted channels. In contrast,

diene loss is strongly ligand dependent: BuD, MBuD, and CHD show accessible pathways, CBuD remains

resistant, and COT exhibits additional complexity due to ligand flexibility and coordination changes, all

consistent with experiment. These results outline favourable stepwise routes towards unsaturated

fragments and provide a basis for future non-adiabatic dynamics, irradiation-driven molecular dynamics,

time-resolved spectroscopy, and multiscale simulations of PACVD processes.

1 Introduction

Metal–carbonyl complexes are among the earliest and most
widely studied precursors for nanofabrication via chemical
vapour deposition (CVD)1,2 and, more recently, focused elec-
tron beam-induced deposition (FEBID).3–5 Their successful use
in these established techniques has also been extended to
photo-assisted CVD (PACVD), a near-room-temperature deposi-
tion method in which precursors are activated by photons
rather than thermal energy.1 Conventional CVD of metals
and metal-containing compounds is widely employed in micro-
electronics, semiconductors, optoelectronics, and protective

coatings,6–9 where substrates can tolerate the high pyrolytic
temperatures typically required to activate precursors. How-
ever, many emerging technologies, including organic
photovoltaics,10 chemical sensors,11 and related electronic
devices,12,13 rely on thermally sensitive polymeric thin films
or self-assembled monolayers (SAMs). As such substrates can-
not withstand conventional CVD conditions, PACVD offers an
attractive alternative, enabling lower-temperature processing
with improved selectivity and energy efficiency. Therefore,
understanding the excited-state pathways responsible for pre-
cursor activation becomes essential.

Among the various metals of interest for nanofabrication,
ruthenium has received much attention in recent decades. It
has high thermal resistance (melting point 2273 1C), a high
work function (4.7 eV), low bulk resistivity (7.16 mO cm), and its
only stable solid oxide, RuO2, is also a metallic conductor (with
a resistivity of 35.2 mO cm).2,14 This makes Ru a promising
metal for thin film technologies,15 next-generation capacitors16

and dynamic random access memory (DRAM) devices.17 It is
also an attractive choice for replacing or enhancing current Cu
interconnects in nanoelectronic devices.18,19 Previous techni-
ques for the preparation of ruthenium films, such as pulsed
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Condensed-phase effects in the vacuum-ultraviolet spectra
of H2O and O2 interstellar ice analogues

Cauê P. Souza1 and Felipe Fantuzzi1,2,∗

1Supramolecular, Interfacial and Synthetic Chemistry, School of Natural Sciences, University of Kent,
Canterbury CT2 7NH, UK

2HUN-REN Institute for Nuclear Research (Atomki), Debrecen H-4026, Hungary

Abstract. Vacuum-ultraviolet spectroscopy provides access to electronic tran-
sitions in astrophysical ices that are difficult to investigate using infrared
measurements alone. Interpretation of these spectra is challenging be-
cause condensed-phase excitations may extend over several molecules and
can differ substantially from the corresponding gas-phase transitions. Here,
time-dependent density functional theory calculations are used to examine
condensed-phase effects in molecular models of H2O and O2 ices. For H2O,
increasing the cluster size produces a progressive hypsochromic shift of the
first intense absorption and reveals substantial mixing among diffuse virtual or-
bitals. For crystalline α-O2, the calculations identify a lower-energy excitation
with substantial intermolecular charge-transfer character, promoted by the or-
dered antiferromagnetic arrangement of neighbouring molecules. These results
show that gas-phase assignments alone are insufficient for interpreting solid-
state vacuum-ultraviolet spectra and that the structural requirements of cluster
models are strongly system dependent.

1 Introduction

Spectroscopy provides the principal means of determining the molecular composition of re-
mote astronomical environments. Gas-phase species are commonly identified through rota-
tional and vibrational transitions, whereas molecules incorporated into icy grain mantles are
primarily characterised through infrared absorption. Such observations have revealed a chem-
ically diverse inventory of molecular ices in dense clouds, star-forming regions and outer
Solar System bodies [1–8]. These condensed phases are not passive molecular reservoirs:
they provide environments in which photons, cosmic rays and secondary electrons generate
reactive fragments that may recombine and form new species [9–13]. Recent investigations
of astrophysical ice analogues have further emphasised that composition, molecular organi-
sation and energetic processing can strongly influence both the chemistry and the resulting
spectroscopic signatures [14–18].

Vacuum-ultraviolet (VUV) spectroscopy offers information complementary to infrared
measurements by probing valence and Rydberg electronic excitations. It is particularly valu-
able for molecular solids whose electronic absorptions are intense or diagnostic in spectral

∗e-mail: f.fantuzzi@kent.ac.uk
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We report a rapid, efficient, and scope-extensive approach for
the late-stage electrochemical diselenation of BODIPYs. Photo-
physical analyses reveal red-shifted absorption – corroborated
by TD-DFT and DLPNO-STEOM-CCSD computations – and color-
tunable emission with large Stokes shifts in the selenium-
containing derivatives compared to their precursors. In addition,
due to the presence of the heavy Se atoms, competitive ISC
generates triplet states which sensitize 1O2 and display

phosphorescence in PMMA films at RT and in a frozen glass
matrix at 77 K. Importantly, the selenium-containing BODIPYs
demonstrate the ability to selectively stain lipid droplets,
exhibiting distinct fluorescence in both green and red channels.
This work highlights the potential of electrochemistry as an
efficient method for synthesizing unique emission-tunable
fluorophores with broad-ranging applications in bioimaging
and related fields.

Introduction

BODIPYs are a well-known class of compounds that have high
fluorescence quantum yields and good photostability, making
them a popular choice for a wide range of applications.[1]

Notably, they play a crucial role in fluorescence microscopy for
bioimaging and are utilized to label proteins, nucleic acids, cell
membranes, and other cellular structures, enabling detailed
visualization and comprehensive analysis.[2] BODIPYs that exhib-
it red-shifted absorbance and photoluminescence in the red to
near-infrared region of the spectrum, often referred to as the
“biologically transparent window”, have garnered significant
attention. This attribute is advantageous for biological and
medical imaging applications as it allows for deeper tissue
penetration (with less light absorption by the tissue) and
reduced background autofluorescence when compared to dyes
that absorb and emit in higher energy regions of the spectrum.
However, most red-emitting BODIPYs demonstrate lower
emission quantum yields compared to their blue-green-emit-
ting counterparts, potentially constraining their effectiveness in
specific contexts.[3,4] The emission properties of BODIPYs can be
tailored by modifying the chromophore structure and introduc-
ing various functional groups.[5] Specifically, BODIPY derivatives
decorated with chalcogens have been intensively studied to
produce fluorescent probes for the detection of bioactive
molecules.[6] The incorporation of chalcogens at positions 8
(meso),[7] and positions 3 and 5 (α) has been explored
(Scheme 1A).[8] Additionally, the synthesis of fused rings involv-
ing position 1 and substituents at position 8 has also been
reported.[9]

However, selenation at positions 2 and 6 has been scarcely
explored. A study by Ortiz and colleagues revealed that heavy-
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ABSTRACT
The increasing presence of 1,1,1,2-tetrafluoroethane (CF3CH2F) in the atmosphere has prompted detailed studies into its complex photodis-
sociation behavior. Experiments focusing on CF3CH2F irradiation have unveiled an array of ions, with the persistent observation of the
rearrangement product CHF2

+ not yet fully understood. In this work, we combine density functional theory, coupled-cluster calculations
with a complete basis set formalism, and atom-centered density matrix propagation molecular dynamics to investigate the energetics and
dynamics of different potential pathways leading to CHF2

+. We found that the two-body dissociation pathway involving an HF rearrange-
ment, which was previously considered complex for CHF2

+ formation, is actually straightforward but not likely due to the facile loss of HF.
In contrast, our calculations reveal that the H elimination pathway, once thought of as a potential route to CHF2

+, is not only comparably
disadvantageous from both thermodynamic and kinetic points of view but also does not align with experimental data, particularly the lack of
a rebound peak at m/z 101–102. We establish that the formation of CHF2

+ is predominantly via the HF elimination channel, a conclusion
experimentally corroborated by studies involving the trifluoroethylene cation CF2CHF+, a key intermediate in this process.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0188201

I. INTRODUCTION

Among refrigerant gases, the 1,1,1,2-tetrafluoroethane
(CF3CH2F) molecule, also known as R-134a, deserves special
attention. Introduced to replace R-12 (dichlorodifluoromethane,
CCl2F2), it has become the most abundant hydrofluorocarbon
(HFC) in the atmosphere, as reported by Harrison et al.1 Since
the beginning of its commercial usage, CF3CH2F has been the
subject of numerous experimental studies concerning the effects
of ionizing radiation.2–11 With a few exceptions,10,11 most of them
focused on valence ionization (more details on other CF3CH2F

irradiation experiments are given elsewhere11). In the realm of
computational studies centered on R-134a, a substantial body of
research has also emerged,12–17 the most recent of which is by our
group.17 There, we specifically examined the HF elimination from
neutral and ionized R-134a and concluded that the most likely
mechanism underpinning this reaction is a 2,1-HF elimination.
This finding is consistent with the observations made for analogous
HFCs, substantiated by both experimental and theoretical data.18

Thus, considering the dominant mechanism only, both neutral and
ionized HF eliminations follow a “four-centered” reaction pathway,
as each atom within the main product originates from a different

J. Chem. Phys. 160, 124308 (2024); doi: 10.1063/5.0188201 160, 124308-1
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SuFEx-Functionalized Quinones via Ruthenium-Catalyzed
C� H Alkenylation: A Potential Building Block for Bioactivity
Valorization
Joyce C. de Oliveira,[a] Breno U. Abreu,[a] Esther R. S. Paz,[a] Renata G. Almeida,[a]

João Honorato,[b] Cauê P. Souza,[c] Felipe Fantuzzi,[c] Victor F. S. Ramos,[d]

Rubem F. S. Menna-Barreto,[d] Maria H. Araujo,[a] Guilherme A. M. Jardim,*[a] and
Eufrânio N. da Silva Júnior*[a]

Herein, we describe the Ru-catalyzed C� H alkenylation of 1,4-
naphthoquinones (1,4-NQs), resulting in 1,4-naphthoquinoidal/
SuFEx hybrids with moderate to good yields. This method
provides a novel route for direct access to ethenesulfonyl-
fluorinated quinone structures. We conducted mechanistic

studies to gain an in-depth understanding of the elementary
steps of the reaction. Additionally, we evaluated the prototypes
against trypomastigote forms of T. cruzi, leading to the
identification of compounds with potent trypanocidal activity.

Introduction

Quinones are omnipresent motifs found in a wide range of
living organisms,[1] existing in nature as fundamental structures
that play key roles as organic redox molecules involved in
energy transduction and storage in biological systems.[2]

Quinones are also fundamental in proton-coupled electron
transfer processes, such as photosynthesis[3] and animal
respiration.[4] In the human body, quinones are vital for
sustaining life, acting in blood coagulation and bone
formation.[5] It is considered one of the main groups of
secondary plant metabolites, exhibiting a myriad of biological
activities,[6] especially as antiparasitic[7] and anticancer agents.[8]

Apart from being sourced naturally through plant-based
extraction,[9] quinones can also be obtained by classical
synthetic routes via oxidation of petroleum based chemicals[10]

and biomass feedstock.[11]

Click reactions are considered a ubiquitous breakthrough in
modern science, embodying a synthesis philosophy designed
to inspire the development of operationally simple, modular,

and orthogonal methodologies.[12] Since its creation in 2001 by
Sharpless and Meldal,[13] this concept permeated various
scientific fields, revolutionizing research, and societal applica-
tions. It culminated in the 2022 Nobel Prize, awarded to
Sharpless, Meldal, and Bertozzi for their contributions to click
and biorthogonal chemistry methodologies.[14] Within this
philosophy, sulfur(VI) fluoride exchange (SuFEx) is coined as a
new generation of powerful click reactions, enabling the
synthesis of hypervalent sulfur compound under metal-free
conditions.[15] Since its creation in 2014, SuFEx has been
considered a new embodiment of ideal click chemistry,
particularly in the modular formation of S(VI)� O, S(VI)� C, and
S(VI)� F bonds.[16]

Our research groups have been relentlessly pursuing new
and powerful methodologies for the direct functionalization
and valorization of naphthoquinoidal motifs. We focus on
synthetic approaches based on organometallic catalysis, most
commonly C� H activation reactions[17] and first generation
CuAAc (copper-catalyzed azide–alkyne cycloaddition) click
reactions.[18] During this time, different methods have been
used in the direct functionalization of quinoidal structures,
producing valuable medicinal and technological prototypes.[19]

This has led to a diverse portfolio of benzenoid “A” ring
functionalizations, as illustrated in Scheme 1A and B.[20]

Chagas disease is a serious and neglected health problem,
especially in Latin America.[21] Current etiological treatments still
rely on drugs developed in the late 1960s, such as benznidazole
and nifurtimox,[22] highlighting the urgent need for the identi-
fication of new potential structures with trypanocidal activity.
Inspired by these successful strategies and aiming to exploit the
powerful second-generation click reactions such as SuFEx, we
present a new C� H alkenylation protocol for the synthesis of
1,4-naphthoquinone-based SuFEx hybrids (Scheme 1C). This
work introduces new potent trypanocidal prototypes to the
collection of drugs being studied against the Trypanosoma cruzi
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Single-Electron Oxidation, Chloride Abstraction, and
Hydride-Induced Decomposition of a Dichloro-
Bis(Germylene)
Yiyi He,[a] Cauê P. Souza,[b] Jonas Weiser,[c] Maximilian Dietz,[d, e] Ivo Krummenacher,[d, e]

Rian D. Dewhurst,[d, e] Holger Braunschweig,*[d, e] Felipe Fantuzzi,*[b] and Jingjing Cui*[a]

In this work we explore the reactivity of a dichloro-
bis(germylene) compound that features a naphthyridine diimine
(NDI) ligand, denoted NDI-Ge2Cl2. Upon reaction with the
oxidant [Cp2Fe][BArF

4] (Cp=C5H5, BArF
4 = [{3,5-(CF3)2C6H3}4B]), we

observed the formation of the radical species [NDI-Ge2Cl2]
*+

[BArF
4]
� . Furthermore, the introduction of Na[BArF

4] induced a
single chloride anion abstraction process, resulting in the
formation of [NDI-Ge2Cl][BArF

4]. The addition of Li[HB(sBu)3] to
NDI-Ge2Cl2 led to the generation of NDI� Ge, presumably via a
Cl/H exchange pathway followed by a decomposition process.

Introduction

Germylenes, heavier analogs of carbenes, exhibit diverse
reactivities, including oxidation, reduction, coordination to
Lewis acids or bases, and activation of small molecules.[1] In the
case of germylenes featuring a Ge� X (X =halogen) bond,
further derivations, such as nucleophilic substitution, halogen
extraction, and halogen/H exchange, become conceivable.[1a,f,2]

However, the exploration of dihalo-digermylenes (Figure 1, I–III)
and their reactivity is rather limited, with a predominant focus
on their reduction chemistry.[3] The contribution from the Rivard
group[4] represents a rare example of a detailed investigation
into the derivation of dichloro-digermylene, providing invalu-
able insights into this specific class of compounds. This situation
is in sharp contrast to the extensive reactivity studies on halo-
monogermylenes.

Recently, utilizing a redox-active naphthyridine � diimine
ligand (NDI) (Figure 2, IV), we successfully synthesized dichloro-
digermylene 1 (NDI-Ge2Cl2) and subsequently obtained a six-
electron donating digermylene NDI-Ge2 (V) via the reduction of
1. Additionally, we achieved the salt elimination of 1 by
employing a transition-metal-based nucleophile.[5] In this work,
we demonstrate single-electron oxidation, chloride anion
abstraction, halogen/H exchange, and subsequent disproportio-
nation of compound 1.

Results and Discussion

Upon the addition of equimolar amounts of oxidant
[Cp2Fe][BArF

4] (Cp=C5H5, BArF
4 = [{3,5-(CF3)2C6H3}4B]) to a C6D6

solution of 1 at ambient temperature, the appearance of the
reaction mixture remained unchanged. However, the 1H NMR
spectrum exclusively exhibited a signal for Cp2Fe, suggesting
the formation of radical species 2 (Scheme 1).
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Figure 1. Structurally characterized dihalo-digermylenes (Ar= 2,6-diisopro-
pylphenyl, Mes= 2,4,6-trimethylphenyl).

Figure 2. Structures of IV, V and 1 (Dipp= 2,6-diisopropylphenyl).
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A copper complex receptor for nanomolar sulfide sensing and applications 
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A B S T R A C T

Traditionally toxic sulfide species (S2–, HS–, and H2S) play indispensable roles in various biological, environ
mental, and industrial processes. However, excessive exposure to these species can result in numerous chronic 
diseases. Considering the importance of sulfide recognition, we have synthesized and characterized a simple 1:1 
Cu(II) complex of L (CuCl2L receptor) based on a substituted 2,6-dipyrazinylpyridine (dppy) moiety (L = 4-(2,6- 
di(pyrazin-2-yl)pyridin-4-yl)-N,N-dimethylaniline). The complex was analyzed both experimentally and 
computationally using DFT and TD-DFT calculations. The in-situ prepared CuCl2L receptor is employed to 
selectively recognize sulfide species (detection limit: 82.50 nM) in the presence of other anions in higher con
centration (ten equivalents of F–, Cl–, Br–, I–, CH3CO2

–, HCO3
–, H2PO4

–, NO3
–, SO3

2–, SO4
2–, S2O3

2–, CO3
2–, and HPO4

2– 

(10 mM)) in aqueous acetonitrile (2:1 v/v, 10 mM HEPES buffer, pH 7.4) through absorption spectral studies. 
Furthermore, the receptor is successfully utilized for various real-time detection applications and demonstrated 
significant intercalative binding interaction with Calf–Thymus DNA (CT-DNA) and good binding interactions 
with bovine serum albumin (BSA), supported by viscometry and molecular docking studies.

1. Introduction

Adequate, effective receptors with optical responses have gathered 
immense attention for instant anion sensing, as these species play 
indispensable roles in various environmental, biological, and chemical 
processes [1–5]. Among them, sulfide species have drawn particular 
concern due to their widespread dispersion in the environment as a 
traditional toxic and hazardous pollutant. Sulfide accumulates in water, 
including domestic wastewater [6,7], from various sources such as crude 
petroleum, volcanic eruptions, and the reduction of sulfate by anaerobic 
bacteria [8,9]. It also frequently emerges as a by-product of many in
dustrial processes [10], while offering diverse applications across sec
tors [11] such as cosmetics [12], dyes [13], sulfuric acid, and wood pulp 
manusfacturing [14].

Once hydrolyzed in water, sulfide is primarily converted into 
hydrogen sulfide (H2S) or hydrosulfide (HS–) [6,7], as aqueous S2– does 
not exist under typical conditions. This has been confirmed by recent 
experiments involving Na2S dissolved in hyper-concentrated NaOH(aq) 

and CsOH(aq) [15], and further supported by molecular dynamics 
simulations [16]. The implications of this hydrolysis are profound, as 
H2S plays crucial physiological roles [17], including modulation of 
blood pressure [18], brain neuromodulation [19], regulation of 
inflammation [20], and suppression of oxidative stress [21]. Further
more, H2S has been shown to protect against ischemia/reperfusion 
injury [22,23], to act as an antioxidant [24], and to scavenge reactive 
oxygen species [25]. Alterations in cellular H2S levels have been linked 
to various diseases, such as Down’s syndrome [26], Alzheimer’s disease 
[27], diabetes [22], and liver cirrhosis [28].

Exposure to excessive concentration of sulfide can cause several 
metabolic and physiological issues, ranging from irritation in mucous 
membranes [29] and unconsciousness [30] to respiratory paralysis [31]. 
While H2S is essential in low concentrations, its toxicity increases at 
higher levels, leading to permanent brain damage [32–34] and even 
death through asphyxiation [35]. Given its dual role as both a necessary 
biological molecule and a toxic hazard, the detection of sulfide species is 
of critical importance across biological, environmental, and industrial 

* Corresponding authors.
E-mail addresses: f.fantuzzi@kent.ac.uk (F. Fantuzzi), bnghosh@che.nits.ac.in (B.N. Ghosh). 

Contents lists available at ScienceDirect

Journal of Photochemistry & Photobiology, A: Chemistry

journal homepage: www.elsevier.com/locate/jphotochem

https://doi.org/10.1016/j.jphotochem.2024.116154
Received 11 September 2024; Received in revised form 12 October 2024; Accepted 9 November 2024  

Journal of Photochemistry & Photobiology, A: Chemistry 461 (2025) 116154 

Available online 13 November 2024 
1010-6030/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

6 F Fantuzzi, J B Maljković, M Zlatar, C P Souza, H M Quitián-Lara, P Nag, B Antony,
B P Marinković and N J Mason, “Centennial of quantum theory in Belgrade: CEQPAS and
the molecular excited state spectroscopy (MOLESs) initiative”, J Serb Chem Soc, 2025, 90,
1553–1561, DOI: 10.2298/JSC251118083F

  
J. Serb. Chem. Soc. 90 (12) 1553–1561 (2025) Letters to Editor 
JSCS–5472   Published 26 December 2025 

1553 

  LETTER TO THE EDITOR 
Centennial of quantum theory in Belgrade: CEQPAS and the 

molecular excited state spectroscopy (MOLESs) initiative 
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Abstract: The first week of November 2025 saw two events in Belgrade celeb-
rating one hundred years of quantum mechanics and its impact on chemistry and 
molecular science. The Centennial of Quantum Theory: Progress in Atomic and 
Molecular Structure (CEQPAS) brought together researchers from across Europe 
and beyond to reflect on the scientific legacy of quantum theory and to showcase 
current advances in atomic and molecular spectroscopy, collision processes relevant 
to plasma research, chemical bonding, quantum chemistry, and the design of 
functional molecules, astrochemistry, the use of AI/ML for the analysis and gen-
eration of atomic and molecular data and wider applications of quantum science. 
Immediately after CEQPAS, a new international initiative was launched: MOL-
ecular Excited State spectroscopy (MOLESs), whose primary goal is to develop 
an atlas of molecular electronic structure and excited-state spectroscopy that rig-
orously integrates experiment and theory. Together, CEQPAS and MOLESs align 
historical perspective with future capability, positioning Belgrade as a regional 
hub for quantum-enabled molecular science. 

Keywords: atomic and molecular spectroscopy; collision processes; plasma 
physics; machine learning for spectroscopy; electronic structure; quantum chem-
istry. 

 

*,** Corresponding authors. E-mail: (*)bratislav.marinkovic@ipb.ac.rs, 
(**)n.j.mason@kent.ac.uk  
https://doi.org/10.2298/JSC251118083F  

________________________________________________________________________________________________________________________

(CC) 2025 Serbian Chemical Society.

Available online at: http://www.shd.org.rs/JSCS

270

http://doi.org/10.1016/j.jphotochem.2024.116154
https://dx.doi.org/10.1016/j.jphotochem.2024.116154
https://dx.doi.org/10.1016/j.jphotochem.2024.116154
https://doi.org/10.1016/j.jphotochem.2024.116154
https://doi.org/10.1016/j.jphotochem.2024.116154
http://doi.org/10.2298/JSC251118083F
https://dx.doi.org/10.2298/JSC251118083F
https://dx.doi.org/10.2298/JSC251118083F
https://doi.org/10.2298/JSC251118083F


7 E R S Paz, C P Souza, J C de Oliveira, R G Almeida, C Herrera-Acevedo, S Lakoh, G A M
Jardim, E N da Silva Júnior and F Fantuzzi, “Ruthenium-Catalyzed C–H Alkenylation of
Trypanocidal Naphthoquinones: A Mechanistic Benchmarking Study”, ChemistryOpen, 2026,
15, e202500465, DOI: 10.1002/open.202500465

www.chemistryopen.org

Ruthenium-Catalyzed C─H Alkenylation of Trypanocidal
Naphthoquinones: A Mechanistic Benchmarking Study
Esther R. S. Paz, Cauê P. Souza, Joyce C. De Oliveira, Renata G. Almeida,
Chonny Herrera-Acevedo, Sulaiman Lakoh, Guilherme A. M. Jardim,*
Eufrânio N. da Silva Júnior,* and Felipe Fantuzzi*

Dedicated to Professor Marco A. C. Nascimento on the occasion of his 78th birthday

Quinones are privileged scaffolds in biological redox chemistry and
drug discovery, but methods to install versatile click handles onto
their cores remain scarce. This work presents a comprehensive
computational study of the Ru(II)-catalyzed C─H alkenylation of
menadione with ethenesulfonyl fluoride, a transformation that
introduces sulfonyl-fluoride groups for subsequent SuFEx chemis-
try. Nine density functionals—from GGAs to double hybrids—are
first benchmarked against DLPNO-CCSD(T) reference energies for
all key on-cycle intermediates and transition states along the cat-
ionic [Ru(OAc)(p-cymene)]þ pathway. Among them, ωB2PLYP best
matches the coupled-cluster reference and is the only method to
achieve root-mean-square deviations of�1 kcal mol�1. Given that

the computed on-cycle barriers are modest, the results indirectly
support that the overall rate is dictated by off-cycle formation of
the active cationic species via ligand exchange/speciation. Within
the catalytic cycle, C─H activation presents the highest global bar-
rier, although migratory insertion can display a higher local barrier
(relative to its immediate precursor) for specific ring substitutions.
Finally, it is shown that the r2SCAN-3c composite method offers a
computationally efficient route for probing analogous catalytic
cycles. These results deliver a robust protocol for designing naph-
thoquinone derivatives as next-generation therapeutic agents
against Trypanosoma cruzi and related parasites.

1. Introduction

Quinones are privileged scaffolds that play key roles in medicine
and biology due to their redox behavior, structural variety, and clin-
ical relevance.[1–5] They mediate essential bioenergetic processes,
most notably electron transport and cellular respiration.[6–8] For
instance, ubiquinone (coenzyme Q), plastoquinone, and menaqui-
none are renowned examples of electron transporters in mito-
chondria and chloroplasts, contributing to energy production
and metabolic balance.[9–11] Their reversible redox cycling and

capacity for covalent adduct formation underpin a broad spectrum
in pharmacology, including anticancer, antimicrobial, antiparasitic,
and anti-inflammatory activities.[12–16]

Therapeutically, the quinoidal core is especially promising
against neglected tropical diseases (NTDs).[17] In Brazil, Chagas
disease, caused by Trypanosoma cruzi, remains a priority given
the limitations and side effects of current drugs.[18–20] In Africa,
Human African Trypanosomiasis (HAT), or sleeping sickness, per-
sists in several regions despite substantial progress toward elimi-
nation. Gambiense HAT, the chronic form caused by Trypanosoma
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Abstract. Interstellar ice mantles on dust grains play a central role in astro-
chemical processes and in the formation of complex organic molecules. Hy-
drogen sulphide (H2S) is considered a potential sulphur reservoir in these ices,
yet it has not been conclusively detected in the solid phase, an absence that
has been associated with the sulphur depletion problem. In this work, time-
dependent density functional theory (TD-DFT) calculations were employed to
simulate the vacuum ultraviolet (VUV) absorption spectra of small H2S clusters
as models of amorphous-like and crystal-derived interstellar-ice analogues. The
isolated molecule was used as a reference, while amorphous-like clusters from
the dimer to the hexamer were generated and crystal-derived structures were
obtained from an orthorhombic solid-state structure relevant to astrochemical
conditions. Increasing cluster size produced higher total calculated absorption
intensities, more complex spectral profiles, and shifts in the principal absorp-
tion bands arising from intermolecular interactions. Molecular arrangement
also markedly affected the spectra, with the crystal-derived clusters display-
ing fewer and more clearly resolved bands than the corresponding amorphous-
like structures. The calculated spectra connect H2S aggregation and molecular
arrangement with the electronic excitations accessed in the VUV, providing a
computational basis for interpreting laboratory spectra and examining the early
stages of photochemical processing in sulphur-bearing ice analogues.

1 Introduction

Interstellar ices are formed in the densest and darkest regions of molecular clouds, where
extremely low temperatures and low pressures prevail. Under these conditions, simple gas-
phase molecules such as water, carbon monoxide, and methane condense and freeze onto the
surfaces of tiny dust grains, forming icy mantles. The physical structure of these ices strongly
depends on their formation temperature and subsequent thermal history: amorphous ices are
typically produced at very low temperatures (∼10 K), while warming to several tens of kelvin
can induce molecular rearrangement and, depending on the ice composition, a transition to-
wards a more crystalline structure [1–3]. Because amorphous ice formation occurs rapidly
in cold environments, simple molecules can become trapped within the ice matrix, enabling
∗e-mail: marulan1@ualberta.ca
∗∗e-mail: f.fantuzzi@kent.ac.uk
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2 MBN Research Center, Altenhöferallee 3, 60438 Frankfurt am Main, Germany
3 School of Natural Sciences, University of Kent, Park Wood Rd, Canterbury CT2 7NH, UK

Received 29 April 2026 / Accepted 3 August 2026
© The Author(s) 2026

Abstract. Finite graphene nanoflakes occupy a unique position in the carbon allotrope landscape. Near
equilibrium, these systems exhibit pronounced structural robustness, indicating that large-scale allotropic
transformations require strongly non-equilibrium energy deposition. In this work, we investigate how unpas-
sivated graphene edges act as chemically active gateways for collision-driven topological transformations
in finite graphene systems. Using reactive molecular dynamics simulations, we model energetic collisions
involving a C60 fullerene projectile and a finite C296 graphene nanoflake across a broad parameter space
of collision energies, incidence angles, and edge orientations. The structural response is analysed through
statistical transformation maps that quantify the probability of nanoflake bending, edge stitching, and
the formation of nanotube-like structures. We identify a regime of collision energies and oblique inci-
dence angles under which localised energy deposition at unpassivated edges promotes bond rearrangement,
cooperative bending, and covalent stitching between opposing edges. Furthermore, we find that armchair-
directed impacts align opposing zigzag edges and promote efficient edge-to-edge stitching over a broader
parameter range. In contrast, zigzag-directed impacts are associated with a higher probability for atom
ejection and bring opposing armchair edges into contact, which is less favourable for seam propagation,
resulting in a narrower parameter window for nanotube-like structure formation. These results establish a
non-equilibrium framework linking local edge chemistry and collision-induced energy deposition to topo-
logical evolution in finite graphene systems. The results demonstrate collision-driven self-organisation as
a viable pathway for the emergence of tubular nanostructures without reliance on catalytic surfaces or
sustained thermal annealing.

1 Introduction

Carbon is an exceptionally versatile element, capa-
ble of forming a broad spectrum of allotropes whose
structural, electronic, and mechanical properties span a
wide range. These include three-dimensional networks
such as diamond [1], layered and tubular structures
such as graphite [2] and carbon nanotubes [3], as well
as zero- and two-dimensional nanostructures including
fullerenes [4,5] and graphene [6]. This diversity orig-
inates from the ability of carbon to adopt multiple
hybridisation states (sp, sp2, and sp3) and to form
stable covalent bonds across a wide range of coordina-
tion environments. Among these allotropes, graphene—
a two-dimensional sheet of sp2-bonded carbon atoms
arranged in a honeycomb lattice—has emerged as
a paradigmatic low-dimensional material. Its mass-
less Dirac-like charge carriers [7,8], exceptionally high
carrier mobility [6,9–11], large thermal conductivity

a e-mail: f.fantuzzi@kent.ac.uk (corresponding author)

[12–14], mechanical robustness [15,16], and maximal
surface-to-volume ratio [17] have made it a central plat-
form for the development of next-generation electronic
[18], optoelectronic [19–21], spintronic [22,23], and pho-
tocatalytic [24,25] technologies.

Beyond canonical device-oriented applications,
graphene and its derivatives have also been explored
as multifunctional material platforms, including rein-
forcement phases in graphene–polymer composites [26–
28], active components in photocatalytic systems [25]
and in the photocatalytic degradation of environmen-
tal pollutants [29], and as nanocarriers for drug deliv-
ery and biomedical applications [30]. Graphene-based
materials have further enabled highly sensitive detec-
tion schemes for neglected tropical diseases, including
biosensors for dengue [31] and Zika [32] viruses, while
graphene oxide has been shown to inhibit malaria para-
site invasion at the cellular level [33]. From a fundamen-
tal perspective, graphene has also become a model sys-
tem for exploring electron confinement [34], topological
defects [35], and the coupling between lattice structure
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