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FIG. S1: The mean absolute errors (MAE) (in eV) of S; and S; excited states against (based on

symmetry label of states) the best estimates for Thiel’s molecular set as a function of XC

cyr, while the MAEs

Cspc=

functionals, where top figure represents the MAE results with cyrsr

0.5. All calculations were done by

CspC=

of bottom figure were generated with cyrsr

MRSF-TDDFT with cc-pVTZ basis set. The values in parentheses are cyr for each functional.
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FIG. S2: The boxplot (medians, interquartile ranges, as well as whiskers) of S; and S, excited state
error (in eV) relative best estimate obtained for Thiel’s molecular set as a function of XC
functionals, where top figure represents the boxplot results with cyrsp=cspc=cpr, while the
boxplots of bottom figure were generated with cyrsp=cspc=0.5. All calculations were done by
MRSF-TDDEFT with cc-pVTZ basis set. The values in parentheses are cyr for each functional. The

values in parentheses are cyr for each functional.

II. ORBITAL STATIONARY CONDITIONS: Z(X)-VECTOR EQUATIONS

Two independent sets of orbital stationary conditions for singlet (k = S) and triplet response

states (k = T) are defined, respectively, as

oL(k)
Cymx Z 9 ’chuﬁ =0. (1)
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FIG. S3: The upper panel with mean absolute errors (MAE) and the bottom panel with the
boxplot (medians, interquartile ranges, as well as whiskers) (in eV) of S; and S; excited states
against (based on symmetry label of states) the best estimates for Thiel’s molecular set as a
function of range-separated exact exchange («1, B1) for SCF part at fixed (a=0.5, B»=0.0) for
response part with range-separation parameter p =0.33. All calculations were done by
MRSF-TDDFT with cc-pVTZ basis set.

From this condition, the following Z(¥)-vector equation can be derived as
coOoV
I_pq,rszr(f) = —Rék;, peCO qe0,V, (2)

S

where the unique spin-independent Z*) vector (with the bar symbol) is introduced as:

20 = 28 =
28 = 2, )
Zl.(;) = Zl(:pz = Zl.(fg, otherwise, 0. (3c)
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The orbital Hessian J,q,s of MRSF-TDDFT takes the identical forms of SF-TDDFT®! as

Jixjy = (IXIJy)——[(lyUX) (i lxy)] + fixpjys
1 1

‘Fiiﬁ5xy + ‘nyﬁ5ij'
Jiajy =2 (ia |jy) — [(zy ja) + (i [ya)l + fia,jup
+fﬂ/3]yﬁ + 1 Fyapdij,
Txajy = (xa |jy) + franjys — 1F]arx5xyf
Jiajb =4 (ia |jb) — cup[(ib |ja) + (ij|ab)]
+ fiawjou + fiaw,jop T fiagjoa + fing jup
+ (€a — €i)6ij0ap,
Jxajv =2 (xa |jb) — cup((xb |ja) + (jx |ab)] + fiz jba
+ frawjbp — 1P]xrx5ab/
Fuaat = (x01y) = = () + (39 1a)] + £y

1 1
- Enyaéab + Epaba(sxy/

(4d)

(4e)

(4f)

where fo; .o, represents the matrix elements of the second functional derivatives of the exchange-

correlation functional with respect to the electron density. The spin-state-specific R .

right-hand side of Eq. (2) for the singlet (k = S) and triplet states (k = T are given by:

_ 1

RE = S, TO] + Higg [X0, X0
qux[x X ]_ x1,8[ )X(k)]/

RW = L p®) g x®), x®)

2 xaun
+ Hygp [x(k),x(k)] — Hyyp [x(k),x(k)],
_ (k 1
Rz(a) Z(Hz;x [T( )] m,B[T ])

+ Higo[X®), X0 — Hpyig [x®, x 0],
where

pqa 2{2 Pq |1’S + prqa rsT

rsT

— enmrsEdor [ (ps |rg) + (pr1sq )]} Vist,

on the

(6)



with
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And the Htug[X(k), X(k)] of Eq. (5) is defined as
Htw[x(k),x(k)] = Ht(g()f[x(k)lx(k)]
k k
+ ZH%sza e XEN + Lk X X, X))
k
+2H¢23€f[xcwxﬂ +2H¢23@f[xxv, x2)], (8)
X X
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Four terms on the right-hand side of Eq. (III.12) except for the first term are derived from
the spin-pairing coupling in Eq. (I.15). Without these terms, all equations for the Z*)-vector
equation are almost same as those of SE-TDDFT.®! Only the difference is using the expanded
excitation amplitudes, U,(g];) X,(g];), in MRSE-TDDFT. This is a great advantage since one can simply

utilize the same existing routines for SF-TDDFT.

III. GRADIENT OF MRSF-TDDFT

From the stationary condition of Lagrangian for a nuclear coordinate () of

oL®k)

the analytic gradient of the excitation energy (ng ) can be obtained by:

= Yl Py — ) Sfu Wi

uvo nvo
+ Z yl/| K/\ ¢ rin/)o KAT/ (13)
WVO,KAT

where the superscript ¢ denotes the derivative with respect to the nuclear coordinate. hgv and

(uv| K/\)C are the derivatives of one- and two-electron integrals in AO basis. wa is the derivative

of AO overlap integral. PP%ZT and W(v27 are

C,0
P;Slf/)oc = Z Cypap;ggicvqa/ (14a)
pq
(k ( )
Pg= Z CuppPpqapCraps (14b)
Wp(ti{/)a = Z Cypzxwpggzccvqa; (15a)
p=q
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In addition, F( )

o it Are given by
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+ (e 1) (xgen) W)+ (xcinisr) 1) (i) )
+ (xiter) (k) (xinter) (k) . (xcinter) (%) (xcinter) (8
k
— (XEST) i KBTS — (XS (KB
k k k
— (e &) (xingsy ) — (i) ) (xinisn) ), (16)
where
C,0
Dywx = Z CupaCvpas (17a)
p
C
Dyvp = ;Cupﬁcwﬁ' (17b)
C,0O0,v
k k k
Xz(w) = ): Z CW"‘ulgq)Xlgq)CWﬁ’ (18)
p q
and
) _ o omv (%)
(XBm i = 33 CupaUp™ Xpg Cugps
P 9
) _ e COm (k)
(chrflgi)w = chmﬂtxu " Xpg Cugps
P 4
K _ v omv (%)
(xlgfrf‘r/)w = chupwu " Xpg Cugps
P 4
(k) _ e COm (k)
(xlcngifi) EZZC palpyg " Xpg Cugp- (19)
p 4



Finally, the gradient of the ground state energy is given by:

ES =Y Do — Y, SiuWine

pvo nvo
+ Z VV’ K/\ gryva KAT/ (20)
UVOKAT
where
/ 1
HVOKAT — E(DVVU'DK)\T - CHFéUTDy/\O’DVKU)- (21)
Wive = Y CupoFpgoCugo (22)
pA4

IV. NON-ADIABATIC DYNAMICS WITH MRSF-TDDFT

The three-state NAMD simulations were initiated by sampling the Wigner function of a
canonical ensemble523 at T = 300K around the Sy equilibrium geometry. In this study, NAMD has
been performed based on the fewest-switches surface-hopping algorithm, >4 and nonadiabatic
coupling vectors are computed numerically by using a fast overlap calculation °° using the locally
modified GAMESS. Velocity Verlet is used for integration. The energy conservation during the
hops was ensured by rescaling the velocities. Hundred trajectories were propagated using the
NVE ensemble with a time-step size of 0.5 fs until 200 fs for a propagation of the nuclear degrees
of freedom and with a sub-time-step size 10> fs for a propagation of the electronic degrees of

freedom.>® No corrections for decoherence were applied.



IP/eV

Exp 8.8578

Orbital Energies of ROHF Reference

MRSF/BH&HLYP 6.4
MRSF/DTCAM-AEE 6.2
MRSF/DTCAM-VEE 6.2
IP by EKT-MRSF

EKT-MRSF/BH&HLYP 7.9
EKT-MRSF/DTCAM-VEE 8.2
EKT-MRSF/DTCAM-AEE 8.7

TABLE S1: The HOMO energies from MRSF and electron binding energies (eBEs) from
EKT-MRSF with BH&HLYP, DTCAM-AEE, and DTCAM-VEE functionals and 6-31G(d) basis set
at the MRSF/6-31G(d)/BH&HLYP optimized Sy equilibrium geometry of thymine. The

symmetry labels correspond to the C; symmetry group.

V. PERFORMANCE OF IONIZATION POTENTIAL AND ELECTRON AFFINITY
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