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State-averaged natural orbitals

In Figs. S1 and S2 are presented the MS-RASPT?2 state-averaged natural orbitals of CO™
used in the calculation of the full spectrum presented in Figs. 1 and 5 of the main text and

Figs. S3 (bottom panels), S4 (bottom panels), S5 to S9.
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Figure S1: State-averaged natural molecular orbitals, for each irreducible representation in
the Cy, Abelian point group, used in the MS-RASPT2 calculations of the full NEXAFS
spectrum of CO™ at the carbon K-edge.

Evaluation of RASSCF space

In order to compute the full spectrum, focusing on the high energy region of the NEXAFS
spectrum, the RAS3 space was used, as described in the main text. The results presented
in the main text are from calculations where we considered a maximum of three electrons
in the RAS3 space. To evaluate this approximation, we computed the NEXAFS spectrum
considering the same active space as described in the main text, but considering a maximum
occupation of one, two and three electrons in the RAS3 space, which is presented in Fig. S3 for
both carbon (left panels) and oxygen (right panels) K-edges. Through these results, it is clear

that the increase in the number of electrons in the RAS3 space leads to a better agreement
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Figure S2: State-averaged natural molecular orbitals, for each irreducible representation in
the Cy, Abelian point group, used in the MS-RASPT2 calculations of the full NEXAFS
spectrum of CO™ at the oxygen K-edge.

with the experimental features at the high energy region of the NEXAFS spectrum. This
change affects the whole spectrum, not only the peak positions but also their intensities. In
the case of the carbon edge (Fig. S3 left panels), when considering one electron in RAS3,
not only the transitions are sparser, we see intensities in regions where nothing is seen in the
experiment, like the peak at 293 eV. Moreover, when considering two electrons in RAS3,
an overly intense peak appears at 307 eV. At the oxygen K-edge, the same problems are
observed, with the best results coming from the consideration of three electrons in RAS3.
Another analysis that was made concerned the size of the RAS3 active space. As men-
tioned in the previous section, the use of the RAS3 space aimed at the assessment of the
high energy part of the NEXAFS spectrum, which shows a high density of states. Due to
this, a large active space was needed in order to get a good description of this region. The
staring point was placing the 40, 50 and the two 17 orbitals in the RAS2 space, which re-
mains the same for all results presented in Fig. S4. For clarity, the RAS3 space was labeled
according to the four irreducible representation in the C,, Abelian point group, namely

RAS3(al,bl,b2,a2). The starting configuration was the RAS3(4,4,4,2) (bottom panels of
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Figure S3: CO* NEXAFS spectrum at carbon (left panels) and oxygen (right panels) K-
edge considering a maximum of one (top), two (middle) and three (bottom) electrons in the
RAS3 space. The theoretical results (black) are compared with the experiment. In order to
match most experimental features in the high energy region (between 294 and 310 eV) of
carbon K-edge spectrum, the theoretical spectra were shifted by -1.02, -2.04 and -1.02 eV in
the top, middle and bottom panels, respectively. At the oxygen K-edge high energy region
(between 544 and 555 eV), the theoretical spectra were shifted by -0.7, -0.3 and -0.2 eV in
the top, middle and bottom panels, respectively.

Fig. S4), which showed poor agreement at both carbon and oxygen K-edges. By increasing
the number of orbitals in RAS3, we were able to approach good agreement with the experi-
mental features. For the carbon K-edge (Fig. S4 left panels), the theoretical profile improves
significantly after the inclusion of 6 orbitals in the al symmetry, showing a substantial re-
duction of the intensities above 305 eV. At the oxygen edge (Fig. S4 left panels) we observe
major improvements from RAS3(6,5,5,2) and above, for which the important intense peak
at 549 eV is observed. In both cases, the best results were obtained for RAS3(6,6,6,2). At-
tempts were made to increase the active space size, but the computational costs were too

high.
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Figure S4: Theoretical (red curve) and experimental (black curve) COT NEXAFS spectra at
the carbon (left) and oxygen (right) K-edge considering different RAS3 space configurations.
In all cases the ANO-RCC-VQZP basis set and auxiliary 8s6p4s Rydberg basis were used,
and the RAS2 comprehended the 40, 50 and the two 1x orbitals. The labels represent the
number of orbitals in each irreducible symmetry following RAS3(al,b1,b2,a2). All theoretical
spectra were shifted in energy to match the RAS3(6,6,6,2) spectrum, which was shifted to
match most experimental features.

Transition dipole moment gauge

As mentioned before, the transition dipole moments (TDM) used in the computations of the
NEXAFS spectra were obtained in the velocity gauge. In Fig. S5, the NEXAFS spectra are
shown considering length and velocity gauge TDMs and the difference between them, for
both carbon and oxygen K-edges. As one can see, the 27 transition is the most affected,

where the length gauge gives a smaller intensity, around 8% and 3% for carbon and oxygen K-



edges, respectively. At the high energy part, the difference between gauges are smaller, with
bigger differences at the oxygen edge up to 1%. Due to this differences, the velocity gauge

was used in all our simulations due to its better accuracy in the current implementation.?
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Figure S5: Theoretical NEXAFS spectra of CO™ at the carbon (left) and oxygen (right)
K-edges considering the length (red curve) and velocity (black curve) gauge of the transition
dipole moments. The bottom panels show the difference between length and velocity gauges.

Spin-orbit coupling

In order to evaluate if the spin-orbit coupling would have any effect in the NEXAFS of
CO™, extra MS-RASPT?2 calculations were performed for the quartet core-excited states.
By considering the doublets and quartets states, a RASSI calculation was performed with
the Spin-Orbit directive and the results are shown in Fig. S6 for both carbon and oxygen
K-edges. As can be seen, the spin-orbit coupling shows no major effects in the final NEXAFS
spectrum, with differences below 0.1% in both edges. Due to this, the spin-orbit coupling

was neglected in the simulations presented here and in the main text.
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Figure S6: Theoretical NEXAFS spectra of CO™ at the carbon (left) and oxygen (right)
K-edges for spin-free (black curve) and spin-orbit coupling (red curve) calculations. The
bottom panels shows the difference between spin-free and spin-orbit spectra.

Exchange integrals

Tab. S1 presents the computed exchange integrals mentioned in the main text in support
of the explanation of the 27 splitting of NEXAFS spectra of CO™. These results were
obtained through a simple Hartree-Fock calculation using the equivalent core-hole approxi-

mation (Z+1), and the aug-cc-pVDZ basis set.

Table S1: Values for the exchange integrals related the 1s, 50 and 27 orbitals,
for carbon (20) and oxygen (10) K-edges.

Term x107% a.u.
20, 27|27, 20] 19.27
[50, 27|27, 50! 41.29
(1o, 27|27, 10] 8.34
[50, 27|27, 502 82.11
LCarbon K-edge
20xygen K-edge




Experimental vibrational constants

The transitions to the two lowest lying states for both the carbon and oxygen K-edges are
shown in Fig. S7 together with the curve fits in the Franck-Condon analysis. This analysis
was used to extract the vibrational constants in Tab. 1 in the main manuscript. Only the
vibrational ground state was included in the fits, and we note that a small peak at 289.55 eV
at the low energy side of the carbon K-edge 20150127 resonance indicates a small amount
of molecules in a vibrationally excited state. These are related to the Penning ionization
process in the ion source.? At the oxygen K-edge this is not as pronounced, but visible as a
shoulder at 533.1 eV. As described in the main manuscript, the high energy 20150127 (H)
state at the carbon K-edge is not observed experimentally. The corresponding state at the
oxygen K-edge, 1071507127 (H), is clearly observed, but as it lacks clear vibrational struc-
ture, no Franck-Condon analysis is made. A comparison between our results and available

literature is presented in Tab. S2.

Table S2: Vibrational constants for the C(1s™!) and O(1s™!) states of CO™
obtained in our experimental analysis, and compared with the literature values
taken from Matsumoto et al.3

State T.[eV] We[meV] WeXe[meV] AR, [A]

This work | Literature | This work | Literature | This work | Literature | This work | Literature
C1s7! 282.00 - 310.9 £+ 20 307.4 144+1.1 2.9 —0.037 -0.0514
O 157t 528.48 - 2253+ 15 231.1 0.3+£0.15 0.87 0.047 0.037
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Figure S7: The transitions to the carbon K-edge 207! state (top left), carbon K-edge
207150712 state (top right) oxygen K-edge 10! state (bottom left) and oxygen K-edge
lo~ 1507127 (L) state (bottom right). The figure shows the experimental data (dots) and
the curve fit for the Franck-Condon analysis (solid red line) with all contributions from the
vibrationally ground state (dotted red line)

Assignment of NEXAFS spectrum

The complete assignment of all theoretical transitions for carbon K-edge, seen in Fig. S8,
are presented in Tabs. S3 and S4. The assignment of the oxygen K-edge (Fig. S9) can be
found in Tab. S5.
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Figure S8: A zoom in the high energy region of CO™ absorption spectrum at carbon K-
edge. The theoretical spectrum (red bars) was shifted by —1.43 eV in order to match most
experimental features (black curve).
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Figure S9: A zoom in the high energy region of CO* absorption spectrum at oxygen K-egde.
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The theoretical spectrum was shifted by —0.75 eV.
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Table S3: Excitation energy, oscillator strength and assignment of all electronic
states shown in the spectrum of carbon K-edge (Fig. S8). Shown in brackets are
the weight of the CI coefficients of each configuration. Only configurations with
a CI weight bigger than 10% are presented. The energies were shifted by —1.3
eV to match the experimental results in the high energy region.

State Energy (eV) Osc. Str. (a.u.) [CT weight (%)] Assignment
1 281.35 2.48E-02 86.8] 201
2 289.58 1.56E-01 71.0] 20~ 50121
3 290.03 6.53E-05 90.5] 20117127
4 290.31 3.53E-03 [73.3] 207150127
5 294.90 2.54E-03 71.7) 20~ 4127
6 295.23 8.49E-05 [70.9] 204071271 / [16.1) 207150 11272
7 297.78 4.86E-03 [54.7) 20 11771271 / [12.8] 2071501350
8 298.60 1.26E-03 [79.2] 20150~ 1272
9 298.64 1.17E-03 87.9] 20150 11272
10 299.92 2.09E-03 160.0] 20501350 / [12.0] 2011722
11 300.08 5.79E-04 83.5) 20150~ 111202
12 300.34 5.55E-05 63.7] 20 11772272 / [11.2) 20 ' 1x 12!
13 300.50 2.97E-03 [78.6] 20150 122
14 301.01 2.24E-04 45.9] 20715072272 / [16.6] 20 '4o 1507122
15 301.36 1.44E-02 (69.9] 20150 3prt / [12.3] 207150 1272
16 302.10 2.36E-04 82.4] 20~ 502272
17 302.16 2.21E-05 [94.0] 201172272
18 302.18 2.64E-03 72.1] 2071501350
19 302.28 2.85E-05 60.6] 201171350 / [12.0] 207 5o 1272
20 302.60 2.19E-04 68.5] 20 11771350 / [10.7] 201171 3po
21 303.30 4.40E-04 [67.1] 20117 '3po
92 304.08 4.19E-04 160.0] 20~ 50 Ypr / [11.2] 20~ 17 3po
23 304.14 7.43E-03 62.2] 2071507 13pr / [10.3] 207150 1 dpr
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Table S4: Continuation of Tab.S3

State Energy (eV) Osc. Str. (a.u.) (CT weight (%)] Assignment
24 304.21 6.78E-05 [56.4] 20117~ 13pm / [21.3] 20~ 12272
25 304.51 7.66E-05 [59.8] 20~ 4o 11272
26 304.65 5.94E-04 [45.5] 20 117w=2272 /[10.0] 20117 13pr
27 304.79 5.96E-05 38.6] 20 117~ t4s0 / [39.7] 20 117 13po
28 304.82 5.98E-04 54.5) 2010 13pm / [21.8] 20~ 172202
29 304.88 6.65E-05 [40.4] 20 17 3pa / [21.7) 20 Yintdso / [20.4) 20 4o I 272
30 305.12 1.12E-04 [38.5] 20 17~ 13pm / [30.2] 201w~ 2272
31 305.18 6.67E-05 166.6] 20401350
32 305.28 9.88E-03 [56.6] 20150 5pm
33 305.57 6.52E-04 63.2] 20401501272 / [12.5] 20140350
34 305.64 2.09E-04 [50.7] 20~ 4o~ 11272
35 305.88 7.59E-05 47.2) 2040 3po / [16.1] 20~ 40~ 501272
36 306.45 7.64E-04 [33.8] 20 4o 1272 / [19.2] 207150 1272
37 306.76 9.97E-03 58.2] 201401350
38 306.87 2.45E-05 (27.5] 20 4o~ 1272 / [25.2] 20 Y40 3pr / [16.3] 20150 Ypr
39 306.99 1.57E-03 [51.1] 20750 Ypr / [20.0] 20 Y401 3pr
40 307.09 6.67E-04 [34.4] 2040 3pr / [34.5] 20 Yo 1272
41 307.41 1.18E-03 35.5) 204015071272 / [24.4] 20~ 172272
42 307.65 5.58E-04 [55.6] 20150 L 5pm
43 307.81 1.68E-03 [25.9] 20150 w1272 / [17.7] 20150 t5pm
44 307.95 4.43F-05 [63.1] 20 t4o~ 127 / [11.1] 207 40~ 3po
45 308.44 1.07E-04 44.3) 20750 5pm / [10.1] 20~ 40~ 3pr
46 308.60 9.44E-04 [52.7) 20" t4o~13pm / [10.0] 20150 15pr
47 309.09 6.19E-04 [70.6] 2040~ 3po
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Table S5: Excitation energy, oscillator strength and assignment of all electronic
states shown in the spectrum of oxygen K-edge (Fig. S9).Shown in brackets are
the weight of the CI coefficients of each configuration. Only configurations with
a CI weight bigger than 10% are presented. The energies were shifted by —0.75
eV to match the experimental results in the high energy region.

State Energy (eV) Osc. Str. (a.u.) [CT weight (%)] Assignment
1 528.10 5.63E-03 [89.8] 1o~ !
2 533.66 3.07E-02 [71.0] 1o~ 50127
3 537.04 9.07E-03 [69.7) 1o~ 50127
4 541.98 2.05E-05 88.9] 1o~ 17127
5 543.99 5.84E-04 [78.8] 1o~ 1501350
6 544.54 6.95E-04 [50.2] 1o~ 150 13s0 / 18.1] 1ot 1n 127
7 544.89 3.67E-05 [72.6] 1o~ 407127
8 545.72 2.28E-03 [59.7) 1o~ 50 t4s0 / [23.1] 1o~ 50 13po
9 546.27 2.93E-03 [24.5] 1o~ 50 4s0 / [19.9] 1o~ r 127 / 11.7] 1o~ 5071350
10 546.36 1.83E-03 [48.3] 1o~ 50 13pr / [18.2] 1o~ 150 imr 1272
11 546.57 4.83E-04 [40.5] 1o~ 150 13pm / [15.5] 1o 5o~ 1n 1272
12 546.59 1.15E-04 64.7] 1o~'50~'3pr
13 547.22 1.26E-04 [62.8] 1o~ 140127
14 548.02 7.66E-05 [56.5] 1o~ 502212 / [22.6] 1o~ 150 '3pc
15 548.03 5.29E-03 [52.1] 1o~ 50 13po / [18.9] 1o~ tho tso
16 548.81 5.00E-04 [29.4] 1o~ 50 13po / [25.6] lo 150~ 4s0
17 549.03 6.45E-05 63.2] 1o~ '50 1171272
18 949.29 4.30E-03 [75.2] 1o~ 150~ Y4pm
19 550.35 8.97E-04 (72.6] 1o~ 50 5pr
20 950.44 1.83E-05 [71.1] 1o~ t50 5pm
21 551.21 8.80E-04 (66.9] 1o~ '50 127
22 551.96 1.75E-04 [63.7] 1o~ 150127
23 553.00 1.19E-04 [74.0] 1o~ 17 13po
24 553.10 1.77E-03 [54.2] 1o~ 5o~ 127?
25 553.53 1.55E-05 [77.3] 1o~ 1r~t4po
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