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12 Table S1. Parameters of singlet vertical excitations (UV absorption) from So to S:i-Ss (S, and T, denote the

13 nth ES in singlet and triplet) based on the So geometry (Figure 1b) of methyl propyl ketone (MPK) at the
14 default time-dependent density functional theory (TD-DFT) level (PBE0-D3/6-31G(d,p)).
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Electronic

Energy

Contribution

L A% (nm) f° Transitions¢ Assignments?
excitation (eV) >10%)

So — S 4.49 276 0 99.0 H—-L '[n— 7*0=¢)]
34.1 H-2—->L l[n(o:C) i TC*(():C)]

So— Sz 7.94 156 0.001 324 H-1—-L '[n— 7*0=¢)]
29.9 H-3—->L l[n(o:C) i TC*(():C)]

58.0 H-1—->L In— ¥ o=

Se—Ss 796 156 0.001 - n=meol
29.0 H-3—->L [Tl',(o:C) i Tl?*(o:c)]

So — S4 8.24 150 0.007 84.3 H-1—->L '[n— 7*0=¢)]
40.3 H-2—->L I « |

—C) — -
So—Ss 830 149 0.041 29.0 H-3 > L oo™ o0

14.5 H— L+ 1In —6*cp]

¢ Wavelength.

b Oscillator strength.

¢H and L represent HOMO and LUMO.

4 Subscripts such as C, O, H, C—H, and O=C represent MOs populated on these atoms and chemical bonds.
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Note S1. Conformation Searching

Due to the free rotation of the C—C bond, there are numerous local minima on the potential energy surface
(PES) for MPK. To address this issue, the conformation searching plugin Confab! integrated into the Open
Babel 3.1.1 program? is employed to produce the potential conformers of the model compound according to
a systematic generation algorithm. After comparing the rough energy using the molecular force field
MMFF943 among the generated geometries, the candidate conformers for MPK are produced.

After optimizing the candidate MPK conformers using the density functional theory (DFT) method, eight
diverse geometries are shown in Figure S1. It should be noted that the chemical composition of MPK is simple,
and the number of corresponding rotatable bonds is few. Therefore, the MPK geometry in Figure Sla can be
regarded as the one with the lowest total energy, and it is employed as another research model with properties
contrasted with the PES landscapes of N-ethylacetamide (NEA) in the ground state (GS) and excited state
(ES) for the following quantum chemistry (QC) study.
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Figure S1. MPK geometries after the PBE0-D3/6-31G(d,p) level optimizations presented in ascending
order of relative energy based on conformation screening results. The geometry with the lowest energy was
selected for our QC investigations (Figure S1a).

S3



36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

Note S2. Benchmarking on Various (TD-)DFT Methods

To verify the data consistency of the PBEO functional with other high-level DFT methods, the validation
of the default hybrid functional PBEO in this study was compared with the long range corrected CAM-B3LYP
and double-hybrid DSD-PBEP86 DFT methods in the GS and ESs. First, the GS geometry relaxation, So —
T1, So — Si, and So — S: vertical excitation, and molecular orbital (MO) profiles from HOMO—1 to LUMO
of NEA were calculated using (TD-)PBEOQ, (TD-)CAM-B3LYP, and DSD-PBEP86 functionals with the same
DFT-D3 and basis set 6-31G(d,p) in Gaussian 16 C.01 software package, the compared main parameters and
MOs were shown in Tables S2,3 and Figure S2. Significantly, the vertical excitation work in Table S3, at the
TD-DSD-PBEP86-D3/6-31G(d,p) level, was conducted independently at the corresponding GS geometry
derived from Gaussian employing ORCA 6.0.1 package.*¢

In the density fitting TD-DFT calculation using the double-hybrid functional DSD-PBEP86, the same
calculation basis set 6-31G(d,p) was combined with the Becke-Johnson damping scheme DFT-D3 to agree
with the GMTKNS55 benchmark.” However, as no auxiliary basis set was particularly prepared for the Pople
basis set, the automatic generation of auxiliary basis® was used with this basis set. The method, resolution of
the identity approximation to the Coulomb interaction and chain-of-spheres exchange (RIJCOSX),” was also
utilized for QC acceleration mainly on the hybrid functionals that include an HF component. For this TD-DFT
calculation in ORCA, the numerical integration grids were set to the default settings and assigned as 14 (region
1), 26 (region 2), 50 (region 3), 50 (region 4), and 26 (region 5) for the angular grid scheme. As for the radial
grid scheme, the grid sizes are 3,467 for the XC and 3,067 for the COSX, respectively. Finally, the energy
convergence criterion is 1078 for SCF (‘verytightSCF”).

The doubles (D) correction, proposed by Head-Gordon and co-workers for CIS solutions, ! is compatible
with the philosophy of the double-hybrid functionals and should be used if the excitations are to be computed
towards the singlet and triplet ESs. Furthermore, the spin component scaling (SCS) has been incorporated into
the functional DSD-PBEPS6 in this perturbative CIS(D) part,'!-!? and it was developed and applied to ESs by
Schwabe and Goerigk.!3 Therefore, these computation methods should be considered and included in our QC
studies. Otherwise, the calculation results would be incorrect. Notably, the four SCS component parameters, 4
i.e., same-spin indirect term, opposite-spin indirect term, same-spin direct term, and opposite-spin direct term,
were suggested by Goerigk dedicated for TD-DSD-PBEP86.1°

In addition, the S: state was adopted as the target ES to test the discrepancy of the relaxed ES geometry
and corresponding transition nature before and after the So — S. excitation. These terms were compared by
the primary structure parameters and leading natural transition orbitals (NTO) for traced ES at the S:
geometries in Figure S3 and Table S4 between the TD-PBE0-D3/6-31G(d,p) and TD-CAM-B3LYP-D3/6-
31G(d,p) levels.

In Table S2, the crucial bond distances, angles, and dihedral angles data of NEA indicate that PBEO-
D3/6-31G(d,p) shows a high level of compliance with these structural parameters of CAM-B3LYP-D3/6-
31G(d,p). Furthermore, compared with the same data calculated at a more accurate computational level DSD-

PBEP86-D3/6-31G(d,p), some crucial bond distance parameters, e.g., the N3—CS5 and C2—C7 bond lengths
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for the CAM-B3LYP-D3 method, show more consistency. In contrast, a good agreement is found within the
critical angle and dihedral angle parameters in the PBE0-D3 and DSD-PBEP86-D3 methods.

In Table S3, the excitation energy, absorption peak, oscillator strength, and each dominant transition
MOs for the vertical excitation at the individual GS geometry always keep high identical at the TD-PBEO-
D3/6-31G(d,p), TD-CAM-B3LYP-D3/6-31G(d,p), and TD-DSD-PBEP86-D3/6-31G(d,p) computational
levels, respectively (HOMO — LUMO for So — T1, HOMO — LUMO for So — S:, and HOMO—-1 — LUMO
for So — Sz, leading contribution >60%). For Table S3 and Figure S2, compared with the MOs from HOMO-1
to LUMO of NEA calculated in the default PBEO-D3 method in this investigations, the main transition
characteristics for the assignment of So — T1, So — S1, and So — S2 excitations were always designated as *[n
— ¥ o=c-n)), [0 — ¥ 0=cn)], and '[nzsn) — T 0=c-n)] using the CAM-B3LYP-D3 approach, which is
greatly in line with the results elucidated in Section 3.1. However, the main MO nature in HOMO—-1 was
assigned as '[nz) + mo=c) — T*0=c-n)] using the TD-DSD-PBEP86-D3 approach, which is a little different
from the HOMO-—1 assignment calculated at the PBE0-D3/6-31G(d,p) level.

Finally, after the state tracing optimizations for the significant ES S. using the TD-PBEO-D3 and TD-
CAM-B3LYP-D3 methods, the leading transition nature and primary structure parameters for the initial S
were plotted in Figure S3 and Table S4 after the ES relaxation. In NTO analysis (Figure S3), the transition
characteristics for the main assignment of So — Sz excitation (>80%) were consistently assigned as '[nzogn)
— T*0-c—N)] before and after this ES relaxation at either TD-PBE0-D3/6-31G(d,p) or TD-CAM-B3LYP-
D3/6-31G(d,p) level, which proves that the transition nature would not make a difference for the two
calculational methods in the So — S: excitation, and the ES tracing optimization is successful for these QC
calculations. In addition, the primary structure parameters at the S. geometry can be reproduced in the
computations using the TD-PBEO-D3 and TD-CAM-B3LYP-D3 methods, except for the C2—N3 bond length
(Table S4). Although the C2—N3 bond was extended in the same ES using different calculational methods,
the C2—N3 bond length is 0.02 A shorter at the TD-CAM-B3LYP-D3/6-31G(d,p) level (1.44 A) compared
with that at the TD- PBE0-D3/6-31G(d,p) level (1.46 A). In conclusion, the results mentioned above indicate
that the PBEO hybrid functional is valid and reasonable for our QC studies, as compared and examined with

other functionals and high-level methods.
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101 Table S2. Main structure parameter comparison at the GS geometries of NEA using different DFT methods

102 with the same basis set 6-31G(d,p).

PBE(0-D3 CAM-B3LYP-D3

DSD-PBEP86-D3

Bond distances (A)
0o1-C2 1.221 1.221 1.228
C2-N3 1.361 1.361 1.366
N3-H4 1.007 1.007 1.007
N3-C5 1.448 1.452 1.455
C2-C7 1.513 1.514 1.517
Angles (°)
O1—-C2—-N3 122.48 122.24 122.34
C2-N3-H4 118.95 119.10 118.91
Dihedral angles (°)
01-C2—-N3-H4 6.83 6.45 8.46
C2-N3-H4-C5 168.68 169.57 166.01

103
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105 Table S3. Parameter comparison of So — T1, So — Si, and So — S: vertical excitations (UV absorption) at
106 the GS geometries of NEA (see Table S2) in ascending order of excitation energy using different TD-DFT
107 methods with the same basis set 6-31G(d,p).

Electronic Energy Contribution . .
Lo A (nm) f Transitions Assignments
excitation (eV) >10%)
TD-PBE0-D3
Se—Ti  5.15 241 0 84.4 H-L [n— 1* 0cn)]
11.5 H-1—-L
So — Si 5.79 214 0.001 82.6 H-L 'In— T 0-cn]
16.2 H-1—-L
So—S: 747 166 0.150 68.0 H-1-L 'In— T 0-cn]
14.2 H—L
12.8 H— L+1 'In— o*n-m)]
TD-CAM-B3LYP-D3
So—>Ti 520 238 0 92.5 HoL 3[n— T (0-cx)]
So — Si 5.79 214 0.001 68.1 H—-L 'n— w*o=cn)]
29.0 H-1—-L
So—S: 762 163 0.162 60.6 H-1 L 1n— T ocny)]
27.6 H—-L
TD-DSD-PBEP86-D3
So— T 519 239 0 88.7 H—L [0 — T* 0]
So— Si 564 220 0.001 84.5 HoL 1[n— ¥ 0-c)]
So— S 734 169 0.169 84.4 H-1—L 1[n+ To-c) — T¥0-cn)]
108
PBEO0-D3 CAM-B3LYP-D3 DSD-PBEP86-D3
m(0=C-N) m(0=C-N) _ m(0=C-N)
LUMO 1.23 eV d‘.@ : LUMO 2.50 eV d}ﬂ ' LUMO Jiﬁ' ’
Y
X
z
ny(0) ‘ ny(0) _ ny(0) .
HOMO -6.83 eV g " 2 HOMO -8.22 eV 1%»’ ’ HOMO &,
© ¥nyN) " nyN) o
nz(O&N) ) nz(O&N) 4 m(C=0)
HOMO-1 -7.06 &q’ HOMO-1 -8.41 ’Lﬁ . HOMO-1 “
' S “nz(N)
Figure S2. MOs (isovalue = 0.05) from the most concerned HOMO—1 to LUMO for NEA at the respective
GS geometries of NEA using hybrid functional PBE0-D3, long-range corrected and double-hybrid
functionals (CAM-B3LYP-D3 and DSD-PBEP86-D3, Table S2) with the same basis set 6-31G(d,p).
109
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PBEO0-D3 CAM-B3LYP-D3
7O (b)

m*(0=C-N)

01
v c2 )
0 y
C7% N3 )
7 JH4
01-C21.22 A 01-C21.22 A
C2-N31.36 C2-N31.36

01-C2-N3-H4 6.8° 01-C2-N3-H4 6.5°

(C) AEreiaxed 1,52 eV ORI (d) AEyrelaxed 1.76 eV

01
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C7% g
© N3V v
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01-C21.29 A 01-C21.29 A
C2-N3 1.46 C2-N31.44
01-C2-N3-H4 111.8° 01-C2-N3-H4 112.0° ’

Figure S3. (a) Geometry at the local energy minimum in So for NEA after the (a) PBE0-D3/6-31G(d,p)
and (b) CAM-B3LYP-D3/6-31G(d,p) optimization with the critical bond lengths and dihedral angle (in A
and °) and leading NTO (isovalue = 0.05) pairs with the transition nature at the So geometry of NEA (>80%)
for the So — S: vertical excitation (blue arrow line). Geometry at the local energy minimum in Sz for NEA
after the (c) TD-PBE0-D3/6-31G(d,p) and (d) TD-CAM-B3LYP-D3/6-31G(d,p) ES optimization with the
critical bond lengths and dihedral angle and dominant NTO pair plotted for the So — S: excitation at the S.
geometry. The corresponding excitation energy after geometry relaxation for Sz (AE2<d) is 1.76 eV (TD-
CAM-B3LYP-D3/6-31G(d,p) level).

110
111
112 Table S4. Main structure parameter comparison at the Sz geometries of NEA using different TD-DFT methods

113 (TD-PBEO-D3 and TD-CAM-B3LYP-D3) with the same basis set 6-31G(d,p).

TD-PBE0O-D3 TD-CAM-B3LYP-D3

Bond distances (A)
01-C2 1.290 1.293
C2—-N3 1.462 1.442
N3-H4 1.024 1.024
N3-C5 1.439 1.451
C2-C7 1.491 1.491
Angles (°)
0O1—C2-N3 102.63 102.51
C2-N3-H4 115.77 115.72
Dihedral angles (°)
O1—C2—-N3-H4 111.76 111.97
C2-N3-H4-C5 144.72 144.71

114
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Note S3. Complete Active Space Self-Consistent Field Calculation

As the excitation energy from the GS to a specific ES with the same spin multiplicity is extremely low
during the adiabatic process for the TD-DFT method, a state-averaged complete active space self-consistent
field (SA-CASSCEF) calculation was performed to determine whether a conical intersection (CI) exists or not.
The active space included eight electrons and eight orbitals (four occupied and four unoccupied) in this
CASSCF scheme (Figure S4), which encompasses all the transition molecular orbital (MO) characteristics
involved in the ESs for our study on NEA (Figure 2a). The SA-CASSCF calculation over two states coupled
with the same basis set, SA2-CAS(8,8)/6-31G(d,p), was performed to obtain the CI correlating with the GS
and ES based on the NEA geometries and corresponding wavefunctions at the end of the Norrish reaction,

ultimately indicating photodegradation.

o*(C-H) o*(C-H)
" o ‘ e
LUMO 4%" LUMO+1 LUMO+2 W LUMO+3W.

y o y o
m(0=C—N) o*(N-C)
o1 ‘- 01-C2 1.21
__BN3 ¥ Cco-N3137
Fc2Wes  N3-H40.99
4 N3-C5 1.45
(C=0) 01-C2-N3-H4 10.9 °
n(0) \ o(C=0) |
. °%°  HOMO-1 ’ HOMO-2 ' HOMO-3 _ o
"n(N) o(C-H)

Figure S4. MOs from HOMO-3 to LUMO+3 (isovalue = 0.05) for the optimized NEA geometry in the
GS (calculated at the CAS(8,8)/6-31G(d,p) level). The critical structural parameters for bond length (in A)
and dihedral angle (in °) at this geometry are also attached in the plot.
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0.060eV  (a) (b)

(n, o*) +(0=C)
99.5% - J
............ LUMO_

-296 {

N Cl
o1
o(C2-N3) ¥ C2 L g’
s ’ N3 4 v
............ Homo - , !
-4.65 .

n(N&O)
Figure S5. (a) Dominant transition MOs at the S(c2.n3) geometry (Figure 4b) with the transition nature '[n
— 6*c2-n3)]. The MO contributions (%) and excitation energy (in €V) for this geometry calculated at the
TD-DFT level of PBE0-D3/6-31G(d,p) are also included in this figure. (b) Verified CI geometry using SA-
CASSCF (SA2-CAS(8,8)/6-31G(d,p) level) correlating with the GS and singlet ES with the same '(n, 6*)
characteristics based on the Sc,.n3) geometry.
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Figure S6. S: and S: excitation energy variations (in eV) as a function of the Sz optimization steps for NEA
calculated at the TD-PBEO0-D3/6-31G(d,p) level.
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0.013eV  (a) (b)

Yo, ) m*(0=C-N) )
99.6%
............ LMo | Cl,
— . ’
2.81 H1,2 6
o(C6-H)
v y "

Figure S7. (a) Dominant transition MOs at the S(o.n12) geometry (Figure 6b) with the transition nature
'[6(c6-r12) — ®*]. The MO contributions (%) and excitation energy (in eV) for this geometry calculated at
the TD-DFT level of PBE0-D3/6-31G(d,p) are also included in this figure. (b) Verified CI geometry using
SA-CASSCEF (CI,, SA2-CAS(8,8)/6-31G(d,p) level) correlating with the GS and singlet ES with the same
'(0, m*) characteristics based on the S(o.n12) geometry.
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Figure S8. Relative energy curves (AE, in kcal/mol) for the PES scan with respect to and based on the
S(o-H12) geometry (orange dot, Figures 6b and 7) as a function of the O1—-H12 bond length (ranging from
0.96 to 1.36 A) for the NEA molecule in the GS and singlet ES with the transition nature '[6c6-n12) — 7]
at the (TD-)PBE0-D3/6-31G(d,p) level.
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Figure S9. MOs (isovalue = 0.05) from HOMO-3 to LUMO+3 for MPK at the So geometry (PBE0-D3/6-

31G(d,p) level, Figures 1b and Sla). The orange and gray arrow lines represent the dominant transition
MO assignments (>98%) for the So — S: and So — T: vertical excitations involved in Norrish reaction.
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Figure S10. Relatlve Gibbs free energy (AG) profiles (at the (EOM-)CCSD/def2-TZVP level, in kcal/mol)
for the MPK Norrish type II reaction in the (a) singlet ES (represented by orange bars), following GS (black
bars) and (b) triplet ES (gray bars). In this figure, all MPK geometries are obtained at the (TD-)PBEO-
D3/6-31G(d,p) level with the bond length parameters (in A) for the reactant, TS, intermediate with the
O1-H12 bonding, and the product with chain scission. The Norrish type II reaction barrier is also denoted
in this figure, and the Si(o.ny or T1o.1r) for MPK is one of the geometries at the local energy minimum in Si
and T.
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Figure S11. Relative Gibbs free energy (AG) profiles (at the (EOM-)CCSD/def2-TZVP level, in kcal/mol)
for the second reaction step of NEA Norrish type II mechanism in the triplet ES. In this figure, all NEA
geometries are obtained at the (TD-)PBE0-D3/6-31G(d,p) level with the bond length parameters (in A) for
the reactant, TS, and the product with chain scission. The reaction barrier is also denoted, and the Tiorc)
geometry in Figure 6c¢ is followed by this figure.
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