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Electron Affinity of CO molecule

An experimental study on endothermic ion-molecule reaction showed that the electron
affinity (EA) of CO is 1.37 eV.' However, in the NIST webbook webpage,” all theoretical
methods give negative EA values for CO, indicating that CO " lies higher in energy than CO.
To address this discrepancy, Lee et al. carefully studied the EA of CO using multi-reference
configuration interaction (MRCI) and obtained a negative EA value (-1.67 eV),” which is
similar to another experimental value (~1.5 eV) obtained from electron scattering.* In
addition, considering that the EA of N,", which is isoelectronic with CO", is negative, they
concluded that the positive EA obtained from the experiment is erroneous and the EA of CO
is negative.’

To examine on our own that the EA of CO is negative, we also calculated the EA of
CO using CASPT2 with ANO-RCC-TZ and -QZ basis sets. The active orbitals contain 2s and
2p orbitals of C and O, thereby CAS(10,8) and CAS(11,8) were used for CO and CO"
molecules, respectively. The ground states of CO and CO™ are the 'S" and I states,
respectively. Therefore, CASPT2 and MS-CASPT2 (based on SA2-CAS(11,8) wave
function) were employed to calculate the electronic states of CO and CO ', respectively. To
calculate adiabatic EA of CO, the geometry optimizations of CO and CO  were performed.
The zero-point energies calculated by PBEO/aug-cc-pVTZ and PBEO/aug-cc-pVQZ were
added for calculating adiabatic EA (We also performed the same calculations using M06
functional. No difference from PBEO is observed.). The results are listed in Table S1.

As shown in Table S1, the bond length of CO (1.129 A) calculated by CASPT2 is in
excellent agreement with the experimental value (1.128 A). The bond length of CO"' (1.220
A) optimized by MS-CASPT2/ANO-RCC-QZ is very close to that (1.210 A) calculated by
MRCI. In the calculations of EA, CASPT2 with the triple zeta level of basis set ([12.04 ¢V)
overestimates the magnitude of EA compared with MRCI ([11.67 eV). The improvement of
basis sets to quadruple level reduces the magnitude of EA ([11.91 eV). It is noteworthy that
the size of basis sets used in the previous MRCI calculations is very large because they
contain three additional diffuse p basis functions for more accurate calculation of EA.
Therefore, the EA of CO calculated by CASPT2/ANO-RCC-QZ is very reasonable in a cost-

effective manner.



Computational Details for DFT and MP2

A single-reference method, MP2,>® was used to examine the lack of multiconfigurational
character in the ab initio calculations. We used PBE0,” M06,® and M06-L° functionals as an
exchange-correlation DFT functional. These DFT functionals have not been used in the
previous study.'® The ultrafine grid for the numerical integration of exchange-correlation
functional was used in all the DFT calculations. In the single-reference calculations, the
restricted and unrestricted formalisms were used for the singlet and all other spin states,
respectively. In MP2 and DFT calculations, we used the AVQZ," [9s8p6d4f3g2h] and AVTZ,
[5s4p3d2f] for Cr and other atoms (C and O), respectively. The geometry optimizations and
subsequent harmonic vibrational frequency calculations were performed using MP2 and DFT

methods. All MP2 and DFT calculations were performed using the Gaussian09 program.12

Molecular Structure and Energetics of Cr(CO); and Cr(CO);

No experimental values of geometrical parameters of Cr(CO); and Cr(CO); are available. We
assume that the geometrical parameters obtained by CASPT2 are more reliable because only
CASPT?2 reasonably treat both dynamic and non-dynamic correlation effects. To examine the
difference in the optimized geometrical parameters depending on the calculation method, we
compare the results of DFT, MP2, and CASSCF with those of CASPT2. First, we note that
no DFT functional provides all of the geometrical parameters comparable with those
calculated by CASPT2. For example, for the 3 A, and 5A1 states of Cr(CO), with bent
structures, PBEO reasonably describes only Cr[1C and CTJO bond lengths and overestimates
the C[ICr[JC bond angles compared with those calculated by CASPT2 (see Table S1). When
using M06 functional, the CTOCr[JC bond angles are similar to those of CASPT2, but the
Cr[JC bond lengths are overestimated. A single-reference ab initio method cannot give
reasonable geometrical parameters of Cr(CO),, either. As can be seen in Table S1, MP2
seriously overestimates the Cr[1C bond lengths of the *A, and A, states in comparison with
those of CASPT2. In addition, MP2 overestimates the C[1Cr[1C bond angle of the A, state.
These results can be ascribed to the lack of non-dynamic correlation effect in MP2 methods.
The comparison between CAS(10,12) and CASPT2 shows that the lack of dynamic
correlation in the CASSCF method leads to short Cr[JC and long CJO bond lengths and
different CTJCr[1C bond angles in the bent A, and °A; states. The discrepancy between the
CASPT?2 and other methods is also observed for linear 5l'[g and 7Hu states. As shown in Table
S1, all DFT methods overestimate the Cr[JC bond lengths of the 5Hg and 'T1, states compared



with CASPT2. Also, the comparison between the results of CAS(10,12) and MS-CASPT2
shows that the lack of dynamic correlation in CASSCF significantly affects all the bond
lengths of the linear structures of Cr(CO),. Therefore, in order to obtain accurate molecular
structure of transition metal carbonyl complex, it is crucial to consider both non-dynamic and
dynamic correlation effects.

No functional used for DFT calculations gives the energetics quantitatively similar to
that of CASPT2 and MS-CASPT2. Only M06 family functionals such as M06 and M06-L
give the 5l'[g state as the ground state; other DFT functionals (hybrid and hybrid-meta) and
MP2 predict the 'TI, state as the ground state of Cr(CO),. Even CCSD(T), a high-level single-
reference ab initio method, predicted the 'II, state as the ground state of Cr(CO), in the
previous study because its reference wave function is seriously contaminated.'® These results
indicate that the multiconfigurational character of the wave function significantly affects the
energetics of Cr(CO), as well.

The dependence of the Cr[JC and CIJO bond lengths of Cr(CO); on the
computational method is similar to that of Cr(CO), except that the Cr[JC bond length is
underestimated by MP2 instead of being overestimated as in Cr(CO),. In addition, the energy
differences among the states were seriously overestimated by MP2 (see Table S2).
Accordingly, MP2 is an inappropriate method for predicting the energetics of transition metal
carbonyl complexes. We note that, except M06-L, no DFT functional gives the same energy
ordering as CASPT2 predicts. Thus, we conclude that one should be careful in the choice of
DFT functional, and GGA or meta-GGA functional may be a better choice than a hybrid one

in the system where the multiconfigurational character is not negligible.

CO Stretching Frequency of the ’IT, state

Since the calculation of the Hessian using MS-CASPT2, which gives full numerical Hessian,
is quite demanding and impractical, we used DFT and MP2 for the calculation of the
vibrational frequencies despite the limitation of these methods in predicting the energetics.
Since theoretical methods generally overestimate the CI1O stretching frequency, direct
comparison between the values from experiment and computation is not relevant. Therefore,
certain scaling factors are needed to correct the calculated vibrational frequencies, but they
are not available for all DFT functionals at the moment. To circumvent this problem, we
considered the ratio of the frequencies of two different vibrational modes instead of the

frequency values themselves. First, to find a DFT functional that gives the best agreement



with the experiment, we examined the ratio of the frequencies of an asymmetric (B;) and a
symmetric (A;) CIO stretching modes for the °A, state (bent) because the vibrational
frequencies of the “A, state are well established experimentally.'” The experimental values
for the ratio (B2/A)) of the two frequencies are 0.924 (1821.5 cm/1970.8 cm™) and 0.925
(1832.9 ¢m™/1982.1 cm™) in Ar and Ne matrix environment, respectively.”> From the
calculated frequencies using various functionals (see Table S1), the ratio of the vibrational
frequencies for the °A; state is determined to be 0.955 (= 1953 ¢cm™/2044 cm™, M06-L),
0.927 (= 1936 cm™/ 2089 cm™, PBE0), 0.957 (= 2009 cm /2099 cm™, M06), and 1.255 (=
2461 cm™/1961 cm™, MP2). Although PBEO gives the ratios in the best agreement with the
experimental values, PBEO provide peculiarly low values for the C[JO stretching frequency
of the 5Hg (1704 cm'l) compared with other methods (see Table S1). Therefore, we selected
MO06 and M06-L DFT functionals for the following comparison. We then check the ratio
between the C]O stretching frequencies of the 5l'[g and 7Hu states (X, mode of 5l'[g / 2, mode
of 'T1,). The ratio of the two frequencies determined from the experimental values is 0.967 (=
1914 cm™ observed by Weitz ef al.'* / 1850 cm™ estimated by Andrews et al.'®). The ratio (Z,
mode of 5l'[g / 2, mode of 7Hu) of the calculated frequencies for the two modes is 0.980 (=
1951 cm™/ 1990 cm™, M06-L), which is reasonably close to the experimental value (0.967).
In addition, the ratio of M06 is 0.966 (= 1955 em’'/ 2023 em’, MO06), which is in excellent
agreement with the experimental value (0.967). According to these results, we can conclude
that 1914 cm™ mode observed in the transient absorption experiment'* is not from the C1O
stretching of the 5l'[g state but from the 'II, state, supporting the assignment by Andrews et

13
al..



Table S1. The optimized bond lengths of CO and CO" and the calculated adiabatic electron
affinity of CO using (MS-)CASPT2/ANO-RCC-TZ and (MS-)CASPT2/ANO-RCC-QZ.

Bond Length (in A)  Electron Affinity (in eV)

CASPT2/ANO-RCC-TZ 1.129 -2.04

co ('%) CASPT2/ANO-RCC-QZ 1.130 -1.91°

‘MRCl/aug-cc-pVQZ+3 diff. p - -1.67

Exp. 1.128 -1.5¢
MS-CASPT2/ANO-RCC-TZ 1.224 -
CO (1) MS-CASPT2/ANO-RCC-QZ 1.220 -
‘MRCl/aug-cc-pVQZ+3 diff. p 1.210 -

*The zero-point energies calculated by PBE0/aug-cc-pVTZ were added.
*The zero-point energies calculated by PBE(O/aug-cc-pVQZ were added.
“The aug-cc-pVQZ with additional three diffuse p functions were used, reference 3

“Vertical electron affinity, reference 4



Table S2. The optimized geometrical parameters (bond lengths in A and bond angles in
degree), <S*> values, C[JO stretching frequencies (in cm™), and the relative energies,* 4E (in
kcal/mol, including zero-point energy correction, AEzpg in Italic), of the SA,, AL, 5Hg, and

"M, states of Cr(CO),. The related molecular structures of Cr(CO), are shown in Figure 1 in

the main text.

Cr(CO), MO06-L° PBEO MO06 MP2
*Ay/Co,
1(CrC) 1.812 1.826 1.839 1.866
r(CJO) 1.166 1.160 1.156 1.176
Z/CCrC 74.9 74.2 72.5 70.6
/CrCO 175.5 175.9 175.5 177.1
<§*> 2.235 2.488 2421 3.644
B, (asymm.) 1866 1870 1897 6201
A (symm.) 1995 2026 2037 2737
AE, AEzpg 10.7, 11.5 16.2,17.2 13.5, 14.1 23.3,31.7
YA/C),
1(CrC) 1.977 1.971 2.013 2.003
r(CJO) 1.154 1.148 1.142 1.160
Z/CCrC 111.8 110.7 106.7 115.7
/CrCO 178.3 177.1 179.8 178.6
<§%> 6.465 6.407 6.577 6.820
B, (asymm.) 1953 1936 2009 2461
A (symm.) 2044 2089 2099 1961
AE, AEzpg 53,49 43,4.3 1.9, 1.4 0.8,0.7
"TIy/D..;
t(CrlC) 1.982 1.980 1.990 1.967
r(C10) 1.153 1.146 1.144 1.161
¥, (asymm.) 1951 1704 1955 2113
<§%> 6.178 6.236 6.222 6.674
AE, AEzpg 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0
Ty/De
1(CrlC) 2.033 2.035 2.042 2.030
r(CJO) 1.153 1.145 1.144 1.155
¥, (asymm.) 1990 2024 2023 2063
<§*> 12.008 12.009 12.006 12.034
AE, AEzp 6.9, 6.5 2.6,-2.5 3.2,2.8 -14.1,-14.2

*Relative energies are with respect to the 5Hg state.

®The "I, state optimized by M06-L has one imaginary frequency (88i cm™).



Table S3. The optimized geometrical parameters (bond lengths in A and bond angles in
degree), <S*> values, and the relative energies,” AE (in kcal/mol, including zero-point energy
correction, AEzpg in Italic), of the lAl, 3B1, 5B2, and 7A2" states of Cr(CO);. The related

molecular structures of Cr(CO); are shown in Figure 1 in the main text.

Cr(CO); MO06-L° PBEO MO06° MP2°
'AL/Cs,
1(CrC) 1.807 1.801 1.819 1.726
1(CJO) 1.160 1.152 1.150 1.179
ZCCrC 88.5 88.2 88.6 86.2
ZCrCO 178.0 177.8 178.2 177.4
AE, AE zpg 0.0, 0.0 0.0, 0.0 0.0, 0.0 0.0, 0.0
°B1/Cs,
r(CriCL) 1.900 1.897 1.921 1.892
r(COCO0) 1.148 1.141 1.139 1.129
1(CrC) 1.910 1.902 1.919 1.814
r(CJO) 1.155 1.148 1.147 1.170
ZCCrC 177.7 179.3 177.5 179.9
ZCOCrC 91.1 90.4 91.2 90.1
ZCrCO 178.2 177.2 178.3 178.7
<§*> 2.096 2.114 2.129 2.897
AE, AE zpg 9.4, 8.0 3.3,2.2 1.0,-0.1 77.9, 76.1
°By/Cy
r(CrCL)) 1.981 1.965 1.987 1.988
r(COCO0) 1.150 1.144 1.142 1.131
1(CrC) 1.989 1.982 1.999 1.939
r(CJO) 1.147 1.139 1.138 1.160
ZCCrC 148.9 155.6 148.2 162.1
ZCOCrC 105.5 102.2 105.9 98.9
ZCrCO 179.5 177.7 179.8 173.2
<§*> 6.119 6.129 6.150 6.670
AE, AE zpg 57,35 -5.4,-7.5 -7.4,-9.0 66.6, 62.9
"A,01/Dy,
1(CrC) 2.029 2.037 2.042 2.028
r(CJO) 1.147 1.139 1.138 1.149
<§*> 12.015 12.015 12.009 12.056
AE, AE zpg 11.3,9.0 2.4,-4.9 -2.8,-5.0 50.5, 47.0

*Relative energies are with respect to the ' A, state.
"The *B, and °B, states optimized by M06-L have one imaginary frequency, 56i cm™ and 22i cm™, respectively.
The B, state optimized by M06 also has one imaginary frequency, 20i cm™. The °B, state optimized by MP2

also has one imaginary frequency, 333i cm™.



al(l) a1(2)

Figure S1. The active orbitals of CAS(10,12) calculations for (a) *A, and °A; states (bent
structures) and (b) > I, (°B) and I, ('B) states (linear structures) of Cr(CO),. The related

molecular structures are shown in Figure 1 in the main text.
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Figure S2. The active orbitals of CAS(12,15) calculations for (a) 'A; ('AL)) state and (b) °B;,
5 B,, and 7A2” (7B1) states of Cr(CO);. The related molecular structures are shown in Figure 1

in the main text.
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