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S1 Adiabatic to Diabatic Transformation (ADT) equations for six (6)

electronic state Sub-Hilbert space!

For six (6) coupled electronic manifold, the model ADT matrix can be constructed by multiplying
fifteen (15) elementary rotation matrices in 15! ways, but in the present calculation, we adopt the

following order:

A = A'2(01,).AB(013).A%(093). A (014). A% (044). A% (03,). A (015). A% (O45). A% (035). A" (Oy5).
A'%(015).A%(O45). A% (O45). A (045).A%(O5),

where Os are the ADT angles. Since most of the ADT equations for six (6) electronic states are

large and complicated, we present some representative ADT equations as follows:

v@lg = 77?12 — sin @12 tan @137?13 — COS @12 tan @137?23 — sin @12 sec @13 tan @147?14 — COS @12 sec @13 tan @147?24
—sin @12 sec @13 sec @14 tan @157_"15 — COS @12 sec @13 sec @14 tan @15?25
—sin ©15 sec O3 sec O14 sec O15 tan O14716 — cos O12 sec O13 sec O14 sec O15 tan O 14726 (1a)

V(“)lg — COS @127_"13 + sin @12?23 — COS @12 sin @13 tan @147_"14 + sin @12 sin @13 tan 9147?24 — COS 913 tan @147_"34

— €08 015 8in O13sec O14 tan O15715 + sin O15 sin O3 sec O14 tan O 15755 — cos O13 sec O14 tan O 15735
— €08 015 8in O3 sec O14 sec O15 tan O 14716 + Sin O3 sin O 13 sec O14 sec O15 tan O147og
— COS @13 sec @14 sec @15 tan 6167?36 (1b)

V@14 — COS @12 COSs @137_"14 + sin @12 CcOs @13?24 + sin @13?34 — COS @12 COs @13 sin @14 tan @157_"15

+8in ©15 cos O3 sin O14 tan O 15755 + sin O13 sin O14 tan O15735 — cos O14 tan O 15745

— €08 O12 cosO135in O14 sec O15 tan O 14716 + sin O15 cos O13 8in O14 sec O15 tan O 14726

+ sin ©13 8in ©14 sec O15 tan O15736 — cos O14 sec O15 tan O 16746 (1c)
6615 = —COSs @12 COS @13 COS @147_"15 + sin @12 COS @13 COS @147_"25 + sin @13 COS @147?35 + sin @147?45

— COS @12 COS @13 COS @14 sin @15 tan 6167?16 + sin @12 COS @13 COS @14 sin @15 tan @167?26

+8in @13 cos O14 sin O15 tan O173¢ + Sin O14 sin O15 tan O1574 — cos O15 tan O 14756 (1d)
6@16 = — 0801508013 c08O14c08O15T16 + Sin O12 cos O13 cos O14 cos O15Thg + sin O3 cos O14 cos O15736

+ 8in ©14 cos O 15746 + sin O15756 (le)



S2 Path Dependence of Diabatic Potential Energy Surfaces (PESs) Ma-

trix
S2.1 Theoretical Background

It is evident from Eqgs. 9 and 11 of the main text that the ADT equations involve skew-symmetric
nonadiabatic coupling matrix (7), which is non-Abelian for N (> 3) dimensional sub-Hilbert space.
Hence, the solution of those coupled differential equations depends on the choice of contour on a
two-dimensional (2D) nuclear plane. As for example, for a system with two nuclear coordinates
p and ¢, we consider two different paths with same initial and final nuclear coordinates (po, go to

Po + Ap, o + Ag, see Fig. S1) and the resulting integral form of ADT matrix equations are:

q0+Aq po+Ap
A1 = A(po + Ap, g0 + Aq) = exp 7/ Tq(po + Ap, g)dg — / Tp(P, q0)dp | A(po,q0) (2a)
q0 PO
po+Ap qp0+Agq
Az = A(po + Ap, g0 + Ag) = exp 7/ Tp (P, 90 + Ag)dp — / Tq(Po, a)dq | A(po, q0), (2b)
PO a0

and their product takes the following form:?

AJ{Az = A*(pov Qo) exp (—APACI(CUYI‘DQ 7')) A(p()a C_Io)a (3)

9r, 01
dqg  Op

qo + Ag, respectively| symbolize the component of curl 7 over the p — ¢ nuclear plane. Fig. S1 shows

where curl” [ = ( >( ) p and ¢ represent the midpoints of py and py + Ap, and ¢y and
D,q

that Ay (po + Ap, qo + Aq) and As(po + Ap, go + Aq) are the two ADT matrices obtained along two

different paths of integration.

On the other hand, the ADT matrix at the initial geometry (A(po, qo)) being an orthogonal matrix
could be considered as a unit one. In case of two state sub-Hilbert space, curl® 7 is always zero and
therefore, the two matrices, A; and A, are identical (see Eq. 3). On the contrary, for non-Abelian
cases (N > 3), curl’? 7 is nonzero, but the product matrix (B = Al A,) appears as an orthogonal

one:

B'B = AT(po,q0) exp (ApAg(curl?? 7)) A(po, g0) AT (po. qo) exp (—ApAg(curlP? 7)) A(po, qo)

= I, (4)

which clearly indicates that any two ADT matrices (A; and Ay) calculated along two different

paths over the nuclear configuration space (CS) are related through an orthogonal transformation



A,
(Po: o+ AQ) e (Po + Ap, g, + AQ)

A,
—
—

Ay

(Po» o) e (Po + Ap, Qp)

FIG. S1: Two different paths of integration for ADT matrix (A) are displayed with same initial (pg, qo)
and final (pg 4+ Ap, go + Aq) nuclear configurations, where two different solutions (A; and Ay) are obtained

for non-Abelian nonadiabatic coupling matrix (N > 3).

(B).

Alternatively, two different ADT matrices (A; and Ay) along two different paths ending at the same
point (pg + Ap, go + Aq) will provide the following diabatic PESs matrices:

W, =ATUA;, and W, = A,TUA,, (5)
which leads to
AWLAT = AW,A = U (6)
arriving
W, = BW,B". (7)

Since B (= AlA,) is also an orthogonal matrix (see Eq. 4), the above equation affirms the path

independence of calculated observables obtained from different diabatic matrices (W; and Ws).%™

Moreover, it should be clearly mentioned that for three or more than three nuclear degrees of

freedom (DOFSs), the contour integration needs to be carried out on a set of 2D cross sections of

the original higher dimensional nuclear space.?%¢



S2.2 Paths of Integration in ADT Calculation of 1,3,5-C¢H;F4 (TFBz™)

While performing the adiabatic-to-diabatic transformation, ab initio calculated p and ¢ compo-
nents (polar counterparts of any normal mode pair) of nonadiabatic coupling terms (NACTSs) are
substituted in Eq. 11 of the main text and those stiff coupled differential (ADT) equations are
numerically solved by backward differentiation formula (BDF) over the p-¢ planes with reasonable
relative and absolute error tolerance. In our study, we opt two rectangular paths of integration (see
Fig S2), where (a) path I is used to extract the information of conical intersection(s) [CI(s)]/seam(s)
by analysing the profiles of ADT angles and sign inversion of ADT matrix elements, and (b) path
IT is employed to calculate the diabatic PES matrix for quantum dynamical calculations. While
choosing path I, the ADT equations need to be solved along the p coordinate from pyae t0 Pmin at
¢ = Gmin(= 0) and then, considering the ADT angles at each grid of p as the initial values, those
equations are further solved along the ¢ grid from 0 to 27. On the other hand, in path II, initially
numerical calculation is performed along ¢ coordinate from 0 to 27 at fixed p (= pmin) followed by

integration along p coordinate for each and every value of ¢.

(a) Pathl (b Path 1T
0y ot
q)maxg A 1\ q)max :‘ _______________ >
i ! : . 0 0
¢k E %(pjv ¢k) : ¢k [~~~ ===7=~—* ! ——li———
q)min[‘ I E I N i I N N N | (I)min;"'—‘—"-'—‘—"-—'—‘—*—\—'--'—\—\ I T T TNl
pmin pj pmax p pmin pj pmax P

FIG. S2: Diagram (a) and (b) depict two paths of integration along which the ADT equations are numer-
ically solved. For each case, the ADT equations are first solved along the bold magenta line and then,

along the dotted green lines.



S3 Explicit Form of Time Dependent Discrete Variable Representation
(TDDVR) Matrix Equation for Quantum Motion*”

One can write the time dependence of TDDVR coefficients (d;,j,...;,;) in the following form:

T 1 o p(s
Zhdilig....’ip,l = 5{ Zsz ImAk szlk} 1112....0p,1 + { Z } 1112....9p,1
k

k
-+ I/I/ll(7;12'2--'-Z.p)diliz...-ip,l+ g Ml’(ilil""ip di1i2~--~ip,l,
V£l
k p
N hImA VE d 5 (8)
2@ Zkl;c 1785..10,1 Lt [0
k il ily....i), K'#k
where
k k k
_ ikvigg Sk . }/;k’z;c 2E74k Z 'F;k 'L
gty ko Ak P e, ko ko
ik il il ikyin N0 Zwk i;,iﬁc
d 1
—_— k 2
dzlzg....zp U = Ciigoipl H(Alk %) %
k=1
Nk
k . x( k k
n=0
NF—1

Xilz,i;ﬁ = ZCnH L, )Vn + Cnx’ +2Cn 1 1k \/_Cn(x/)

Ef s = Z<;<xfk>2n<n<xz>,
n=0

Nk_2

Fy = Z<;+2<w§k>¢<n+1><n+2><n<x;1>+Zg;;_2<xfkw<n_1)@1%)

+ Zc @20+ 1)¢a(af)

The other symbols [Wy, Cn(xfk), ...] are already specified in the main text. It is important to
mention that the time-independent component matrices ({AX}, {X¥}, {EX}, {F*}) of the TDDVR
Hamiltonian matrix (Eq. 8) are calculated only once during the dynamical calculations. Since the

diagonal elements of the matrix, {X*} are multiplied with the “classical” variables, {pqe ()}, the



quantum equations of motion (Eq. 8) are free from any nonlinear contribution due to “classical”
equation. On the contrary, the full matrices, {EX} and {F¥} incorporate the couplings among
the grid-points (see Eq. 8). Since matrix ({E¥} and {F¥}) vector (d) multiplication can be done
independent from one mode to other, parallel computation can be used to find the numerical solution
of the differential equation (Eq. 8). Such extensive parallel computation has successfully reduced

the computational cost even for large dimensional spectroscopic systems.

S4 Expressions of Classical Path Equations in TDDVR Formalism

In TDDVR methodology, the classical path equations for the k£ mode take the following forms:

g = " o)

AW {Q})

— el . 10
dQy, Q1 (t)=Q5 (1) (10

Po;(t) =

While implementing Dirac-Frenkel variational principle,® we achieve the rigorous expression of PQ;

for multi-mode multi-surface spectroscopic systems by minimizing the following integral:

r= [ (- e @@ )

< (WG~ Hra. (@21Q0.0) [ den (1)

with respect to {pge }. The explicit expression of {pge} is as follows:



where
Ry

s

gty

Tipir

2
Z-// Ci1i2 l% ip l(t)S("Z)/

2(ImA")? {} X A U
2. 0% .. ixt
21 2.0k -p,l 14i2i2 kg
lklk
«(2)
z” 62112 zk Ap, l(t)t; i%ik ¢ f;*(l)
E E Cz‘lig..i;(.z‘p,l( ) ik},
lklk
zkzk
*(3)
2 E g zm il Czl’ig..i;c..ip,l(t>5 iki;c}
Zklk
hImA¥ Zig Civig..if.ip d (E) iy (1)
E E Czlzg g lpyl Ai’ i Zk’;c
il kY
*
z” 61112 zk Jp l(t)ngZk S*(l)
E E C’iliQ--i;g-'ZP ( ) Zk'l
Zkik
zkzk

2573 i D a0}

U gy
(1)
E :iu Civig..if z‘p(t)Sw (1)

sl 1.0
k ' Qx
cr S*
11920 Tp,l A‘, ., Tty
Uk

gl
*(1)
z” (%112 zk Lip, l(t):; i f;*(l)
E E Civig..i).ip,l ixil,
zkzk
i),
§ :E : *(2)
2 C’Ll’LQ Ak ’Lp Clli2--i;€--ip7l(t)s zkzﬁc
Zkl

Zc k)G (2h )2p
Zc 2 )Gk / Qi 1) ( Q1 — Q1)) (Qr 1)Q

Zcp P )20 [ @30 0(Qn - Q51 2,(Qr. G

(12)



with

[ ¥ 0Qu (@~ Q0)8(Qu a0 = G\ Vo T+ VB

/‘I’*p(Qk, D(Qr — Q5 (1))* Py (Qr, )dQx = 4[ZAk{v (p+1)(p+2)0pt24

+ 20+ Do+ VP — D2}
[ @@ - Q)P0 @it = ¢(ig) VDG e
3(p+ D)V/p + 185114 + 30/POp-14
Vo= 1) = 20,54} (14)

The matrices, R, S, T and A in Eq. (12) are time-independent and thereby, they are computed
only once during the dynamical calculation. On the other hand, time-dependence of pqe appears
due to the time-dependent coefficient {c; s, i,.i,.(f)}. One can further simplify the form of pge in
Eq. (12), if SZ.(:%C is replaced by Si(kli); diir as the first order term (@), — Qf(t)) is diagonal in DVR

formulation:?

P (t) = ZZC:‘Z-ig..ik..i,,,l(t)ciliz..i;..ip,z(t)
!

ik,
{Q(ImAk)2 [5(2) S(l)z‘kik _g® } B himAF [ ) S(l)z‘kik _ ]}
S S
[ DY iyt (Dm0
1 g Utk
* *(2
= Y it it | (15)
I igis,

At initial point (¢ = 0), the denominator of Eq. 15 is very small leading to large “quantum force”,
which results into numerical inaccuracies in “classical” variables (see Eq. 9 and 15) vis-4-vis quan-
tum equation of motion (see Eq. 8). In order to overcome such difficulties, the “classical” equation
of motion needs to be propagated in Newtonian sense (see Eq. 9 and Eq. 10) until the ampli-
tudes of the wavefunction are properly distributed over the expansion coefficient ({c;,i,..iy.i,,1(%)})-
Once such distribution is achieved, nuclear dynamics can be performed using the quantum force as

presented in Eq. 15.



S5 Initialization and Propagation in TDDVR Dynamics

In order to perform TDDVR dynamics, a product of Gaussian functions ({®ewp(Qk)}) around the

equilibrium geometry ({Qo} = 0) is assumed as the starting wavefunction on a particular electronic

state:
p p  Ng
[[oewr@) = D chimeiu [[D Gilai) @@, t). (16)
k=1 ilig.... k=1 n=0
Using the orthogonal property of TDDVR basis at the DVR grid points, we arrive at the following
form:
P p Ni,
[[2ewr(@i) = ciipipa [J6(Qu:t) Y Gilwi )i, (17)
k=1 k=1 n=0

which turns into:

Qk:7 H (I)GWP Q’Lk - 01112....1p 1 H Z< - C'lez.“.zp l H Azkzk; (18)

k=1n=0

defining

HAZka _ Hk ICO(’:CZI@)‘ (19)

dz‘liQ....z‘p,n = Ciyig....ip,n 1
k=1 k 1 “ligig

Thus, the amplitudes on different surfaces (I) can be expressed with the following column vector,

(20)

dy(t)
On the other hand, the expansion coefficient vectors (d;,,...i,:, Where [ # n) on other surfaces are
initially zero:

v liyig.iym-1(t=0) =0,  diip. iynt1(t=0)=0---. (21)

After initialization of the wavefunction, the set of differential equations (Eqgs. 8 to 10) are solved

simultaneously to compute the d vectors at all the grid-points at each time, t. Once the magnitudes

of those vectors are in hand at a specific time ¢, we perform the following grid-summation to evaluate
the probability of finding the system on a specific diabatic surface,

Prt) = Y diyiy.ipa(t)* 1= 1,2, .6, (22)

11%2....9p

10



where the expression of adiabatic population takes the following form,

Pri(t) = Y ldiy i, (0P 1=1,2,..6, (23)
dadia () dy (t)
dadia(t) _ 4 da(t) (24)
dadia(t) de(t)

by using the ADT matrix, A (see Eq. 10 in main text).

S6 Optimized Parameters of 1,3,5-C¢H3F3; (TFBz) Molecule?

FIG. S3: The TFBz molecule is optimized using MP2 level of electronic structure calculation employing
cc-pVDZ basis set. The optimized geometry parameters (bond lengths and bond angles) are specified in
the figure and also, in Table S1.
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TABLE S1: Equilibrium geometry parameters of TFBz molecule obtained from MP2 methodology em-

ploying cc-pVDZ basis set and their comparison with other theoretical findings and experimental data

Parameters Optimization Result | Optimization Result | Experimental Result®
(MP2/cc-pVDZ)? (MP2/cc-pVTZ)P
bond length [C-C] (A) 1.386 1.386 1.389
bond length [C-H] (A) 1.079 1.096
bond length [C-F] (A) 1.344 1.340 1.346
bond angle [/C(H)-C(F)-C(H)] 123.2° 122.97° 123.9°
bond angle [ZC(F)-C(H)-C(F)] 116.8° 117.03°
bond angle [/H-C(H)-C(F)] 121.6° —
bond angle [/F-C(F)-C(H)] 118.4° 118.51°

frequencies of normal modes calculated by MP2/cc-pVDZ. !
Pfrequencies of normal modes calculated by MP2/cc-pVTZ. 10

cdistances and angles obtained from electron diffraction studies. !
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TABLE S2: Fundamental Vibrational Frequencies of TFBz molecule evaluated from MP2 approach using

cc-pVDZ basis set and its comparison with other theoretical findings and experimental data

Normal Mode Optimization Result Optimization Result Experimental Result Nature of Vibration Symmetry
(MP2/cc-pVDZ) (cm~1)¢ | (MP2/cc-pVTZ) (cm—1)b (cm—1)e

Q1 3259 3269 3076 symmetric C-H stretching ay

Q2 1385 1405 1363 symmetric C-F stretching al

Q3 1026 1028 1012 trigonal distortion ay

Q4 581 584 584 ring breathing ay

Qs 1466 1467 1294 C-C stretching al,

Q6 1204 1215 1165 C-H in-plane bending al,

Q7 552 556 564 C-F in-plane bending al,

Qs and Qsy 3260 3271 3116 C-H asymmetric stretching e’

Qoz and Qoy 1665 1676 1622 asymmetric C-C stretching e

Q102 and Q1oy 1498 1509 1475 symmetric C-C stretching e
Q112 and Q11y 1136 1152 1129 C-H in-plane bending e/
Q122 and Q12y 1009 1017 996 C-C-C scissoring e/
Q132 and Q13y 499 502 504 C-C-C in-plane bending e
Q142 and Q1ay 325 327 328 C-F scissoring e
Qs 826 840 847 C-C twisting all

Q16 628 673 663 C-C out of plane bending ay

Q17 206 212 207 C-F out of plane bending ay

Q182 and Q1sy 844 852 792 C-C twisting "
Q192 and Q19y 600 612 598 C-C out of plane bending e
Q202 and Q204 247 252 246 C-F out of plane bending e

afrequencies of normal modes calculated by MP2/cc-pVDZ. !

Pfrequencies of normal modes calculated by MP2 /ce-pVTZ.10

“frequencies of normal modes measured by IR/Raman spectroscopy. >
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FIG. S4: The figure displays the location of “1-2” and “4-5” Jahn-Teller (JT) seams over Q2 — Qg, plane:
1D cuts of adiabatic PESs are plotted for (a-c) X2E” (u; and us) and (d-f) B2E' (u4 and us) states along
¢ axis keeping the value of p at (a,d) 0.38, (b,e) 0.78 and (c,f) 1.0. The corresponding NACTs, (a-c) qu52
and (d-f) 7';;5 carry the signature of those “1-2” and “4-5” JT seams.

14



—_
[
=
—
oL
N

6 5.4 6
027y p=04 - p=04
Fl— U
5 0 15F 2 5 5.3* - u5
:;f , —réz 14 ~ g" =1 4.~
a2 01 oz S52rL N5
A = A =
o O @)
Q 0.05 < Q 5.1F <
g 2% H2 %
g0 g
: ] 2
0.05 " 40 ‘ .
0 360 70 1%)0° 360
(b) (e)
0.5 : 3
~ | _S6r T, p=08
% 04) 3w
203 Eakil i 12~
2 2 =
2 r 9
§ 0.1 E 11 2
3 | g 5
< 07 <
= 0 4.8 : : : 0,
0 1%)0 360 0 1%)0" 360
(©) ) ()
=06l p=10 g =10 .
o — |s > 560 | _u
Ea ' e ~
S04 ~ = 24,
A oz =
5 ° 5 :
§ 55
< 2
L t L L L
0 1%)0" 36(())0 48 1%)0" 368“

FIG. S5: For Qg, — Q13, pair, 1D functional forms of adiabatic PESs are plotted for (a-c) X2E" (uy and
u) and (d-f) B2E’ (uy and us) states along ¢ axis keeping the value of of p at (a,d) 0.38, (b,e) 0.78 and
(c,f) 1.0. The corresponding NACTSs, (a-c) quf and (d-f) 7';;5 carry the signature of the “1-2” and “4-5” JT

seams, which look like avoided crossings.

15



—~
t=S
=
~~
o
=

0.3F ‘ ‘ 30 F w ; 30

U p=05 0 p=05
—~ o 4
O = 7 54K =y
3—'0.27 _1:12 ’2001“ ::s:—
-

2 = fsal
A 0.1F 9 &7
9 <9
g {0z 3
% "1-2" JT seam %
S 0F | S 5
< 0 <

0 0 0

360
(b) (e)
: ‘ : 20
~ 04T, p=076 5.61
> ~
OO = Is 3
el 3_5_4,
7 %
fal
& & 52
2 2
S 5 "4.5" JT
T‘% "1-2" JT seam c 5k o
S S
< <
4.8

—~
o

~
—~
e

515 =15
A06_31 p=10 _ u4 p:10
0 : 1 B se =Y
~~ 12 ~
A =z 4 110~
» - —*cq) <rPe
/ / g
A~ A~ @)
2 02r 2 52r <
3 = 45 Z
;% < "4-5"JT seam
5 g | - - |
" F LN N
48 ‘ ‘ 0
0 0 180° 360°

0

FIG. S6: In case of Qg — Q18, plane, 1D functional forms of adiabatic PESs are presented for (a-c) X2E"
(uy and up) and (d-f) B2E’ (uy4 and us) states along ¢ axis at three values of of p, (a,d) 0.5, (b,e) 0.76 and
(c,f) 1.0. The associated NACTs, (a-c) Tf and (d-f) 7'(;15 show the presence of “1-2” and “4-5” JT seams.

16



(a)
T 30
006/ U p=03
> —u,
°
% 0.03F
n
m ]
o L
- i i
'g \V "1-2" JT seam '( 10
s T I
=
e
0.03 : : : 0
0 180° 360"
0
(b)
: 20
§ 012* u1 p:06
ORI e
5 008 b
A
m —10
A 0_04\ m f
9 (] ]
= r i "1-2" JT seam i
..:% ™ B ]
5 O
= 0L
0.04 ‘ —— ‘ 0
0 180 360
0
(c)
12
= Y p=10
> )
©
=02
5 8
2
a 0.1
Q
'«g "1-2" JT seam 4
Q0
£
Z
0 0 00
360

180
0

NACT(c(}f)

NACT('E(LZ)

—~
oo
=

120
i p=03
¥ 4
% 5.1r — U
= 490
A 15 o~
» 507 "% "4-5" JT seam Y&
n N
g
9 <
g 5.041 “ 4 Z
c i 130
E |
ot | Ik
‘ \ ‘ 0
0 180° 360"
0
(e)
: 50
i p=0.6
¥ 4
E 52 | U
3_ 5 e
» —’C¢ Y&
|90 "4-5" JT seam ~
= 5.1 255
2 . I z
£ |
I I i
e 8
L L L O
0 180° 360°
0
()
5.4 ‘ 25
N m p=10
P ocal | v i
) 53 5 20
A 3.2¢ ¢ "4-5" JT seam 5%
m F 1
& &)
2 5.1\< / 10 <
s [ 1 |z
_8 . u
5 5t iB
< 7 |
49 : = : 0,
0 180 360
0

FIG. S7: The figure depicts the position of “1-2” and “4-5" JT seams over (Q13, —Q1s: plane: 1D functional

variation of adiabatic PESs are presented for (a-c) X2E” (u; and us) and (d-f) B?E’ (u4 and us) states

along ¢ axis at three different values of p (a,d) 0.3, (b,e) 0.6 and (c,f) 1.0. The associated NACTs, (a-c)
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S8 ADT Angles, Diagonal Elements of ADT Matrices and Diabatic
PESs of TFBz™ Radical Cation
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FIG. S27: The left column shows 1D functional forms of ADT angles, namely, (a) ©12, O45, O23 and Osg
for Q2 — Qg pair; (c) O12, O45, O13 and Oy for Qg — Q13, pair and (e) O12, O45, O and Os¢ for
Qoz — @18, pair along ¢ coordinate at a fixed valued of p (= 1.0). The right column presents 1D cuts of
diagonal elements of ADT matrices, viz., Ajj[= Aga] and Ay[= Ass] for (b) Q2 — Qoz, (d) Qoz — Q13
and (f) Qg — Q18, pairs along the ¢ coordinate at the same value of p. The ADT angles associated with
“1-2” and “4-5” JT /accidental seams acquire the magnitude of 7 at the end of the contour (¢ = 27) and

the diagonal elements of the ADT matrices undergo one sign inversion.
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FIG. S28: The left panel depicts 1D cuts of ADT angles, namely, (a) O12, O45, O25 and O3 for Q13, — Q18

pair; (c) O12, O45, O14 and Og6 for Q13, — Q1gy pair and (e) O12, O45, O and Oy for @13, — Q18, pair

along ¢ coordinate at p

1.0. The right panel describes 1D functional forms of associated diagonal

elements of ADT matrices, ViZ., All[: AQQ] and A44[: A55] for (b) ngx — ngx, (d) Ql?)x — QlSy and

(f) Qi3y — Q182 pairs along the ¢ coordinate at p = 1.0. The ADT angles representing “1-2” and “4-5”

JT /accidental seams attain the value of 7 at the end of the contour (¢ = 27) and the diagonal elements

of the ADT matrices exhibit one sign inversion.
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FIG. S29: The figure presents 1D cuts of ADT angles, namely, (a) ©12, ©45, O56 and Oa3 for Qg — Q132
plane; (C) @12, @45, @56 and 646 fOI‘ ng — ngy plane and (e) @12, @45, 956 and @34 fOI‘ ng — ngy

plane along ¢ coordinate at a specific value of p (= 1.0). 1D functional forms of the corresponding diagonal
elements of ADT matrices, viz., A11[= Ag], Ays and Ags for (b) Qoy — Qi3z, (d) Qoy — Qi3y and (f)
Q9y — Q18y nuclear CSs are displayed along the ¢ coordinate at p (= 1.0). The ADT angles associated

with “1-2” and “4-5” JT/accidental seams attain the value of 7 at the end of the contour (¢ = 27) and

the diagonal elements of the ADT matrices exhibit one sign inversion. On the other hand, ©5¢ reaches the

value of 27 for the first case and 7 for the other cases for two (2) and one (1) “5-6” seams, respectively.

Moreover, Agg undergoes necessary sign changes.
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contour (¢ = 2m) and the diagonal elements of the ADT matrices encounter one sign inversion.
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FIG. S31: The diagram displays some representative diabatic PESs and couplings: (a-c) Waga, W33 and
Way for Q2 — Qo pair; (d-f) Wyg, W55 and Wys for Qo — Q13, pair; and (g-i) Wiz, Wy and W3y for
Qo — Q18 pair. All the diabatic PESs and couplings exhibit smooth, continuous, single-valued functional

forms of nuclear coordinates.
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S9 JT Condition : Even Parity Diabatic PESs and Couplings

In the present calculation, the ¢’ normal modes, namely, asymmetric C-C stretching (Qg, — Qoy)
and C-C-C in-plane bending (@13, — Q13,) are responsible for the JT interactions with doubly
degenerate electronic states, X2F" and B2E , which can be validated using symmetrized direct
product analysis for the electronic states (X’ 2E" and B2E' ) and the e’ normal modes (Qoz, Qoy,

Q13 and ley)i
E" state — [E" x E"| = A + E'

E' state — [E' x E'| = A} + E'
and
¢ mode — [¢/ x €/| =a} + ¢
On the other hand, while employing the degenerate perturbation theory, the matrix elements for the

mth and nth derivatives of vibronic interaction elements along () and (); normal modes, respectively

can be written as,

(mAn) 11/ .
Fi(@e @) = X S arar (ol | g e

o), (25)

m=0 n=0
where 7 and j are the two electronic states, and W;; represents the Beyond Born Oppenheimer (BBO)
constructed diabatic PESs/couplings. In order to verify the JT active feature for each component
of those ¢’ degenerate modes (Qg and ()13), it is necessary to explore whether the direct product of

the integrand in Eq. 25 contains the totally symmetric irreducible representation (IREP):

0) AW (Qr, Q1) 0)
ro) o (2o 9@ ¢ i)
= [P(E”) @ [[(e)]" & F(E”)] e A ord (26)

0) AW (Qr, Q1) 0)
oo (X gt o]
= [P(E')®[r(e')]<m+n>@F(E'ﬂ e A ord (27)

The integral (see Eq. 25) survives for the JT active normal modes for any order (n and m) of

their respective derivatives as per the direct product analysis shown in Eqgs. 26 and 27. On the
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contrary, if the diabatic PESs or couplings show even-parity functional variation along some specific
components, say @; (as assumed in Eq. 31 of the main text), the presence of only even power
polynomials of ); can not be speculated from Eqgs. 26 and 27. In other words, if the derivatives
of the diabatic PESs/couplings with respect to a particular normal mode for any specific order (m
or n) does not exist, the predictability of Egs. 26 and 27 does not arise. As a matter of fact, the
equivalent nuclear configurations generated along positive and negative displacements of a specific
normal mode lead to even-parity functional forms of adiabatic PESs and NACTs [see Figs 8(a-c) of
main text|, which on diabatization also retain such parity in diabatic PESs and couplings [see Figs

8(d-f) of main text].

S10 Schematic Outline of the Degenerate Normal Modes of TFBz*

| Selected degenerate normal modes of 1,3,5-C,H,F;* |

In-plane asymmetric C-C stretching vibration (Qy) In-plane C-C-C bending (Q, )| Out-of-plane C-C twisting (Q,5)
P g (Vi3 P g (Vg
components of components of components of
degenerate vibrations degenerate vibrations degenerate vibrations
| [ o, Q| [ os s | [ o
exhibits even exhibits non-symmetric exhibits non-symmetric  exhibits non-symmetric exhibits even exhibits even
functional form functional form functional form functional form functional form functional form
of adiabatic PECs, of adiabatic PECs, of adiabatic PECs, of adiabatic PECs, of adiabatic PECs, of adiabatic PECs,
NACTs, diabatic NACTs, diabatic PECs NACTs, diabatic PECs ~ NACTS, diabatic PECs NACTs, diabatic NACTs, diabatic
PECs and diabatic and diabatic couplings and diabatic couplings  and diabatic couplings PECs and diabatic PECs and diabatic
couplings couplings couplings

FIG. S35: The diagram depicts a compact description of the chosen degenerate pairs of normal modes.
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S11 Even-Parity Diabatic Couplings
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FIG. S36: The figure depicts 2D contour plots of the diabatic coupling elements, (a) Wiy (X2E"), (b) Was
(B2E') and (c) Was (B2E') over Qg — Qoy, Qoy — Q182 and Qgy — Q13y planes, respectively. In each case,

the couplings show even-parity functional forms along Qg,, Q18 and (1g, normal modes.
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S12 Nuclear Dynamics and Photoelectron (PE) Spectra
S12.1 Convergence of Spectral Profile

TABLE S3: Peak positions of TDDVR calculated spectra [employing BBO based diabatic PESs]| for X2E"
state (ground and first excited states) are presented for four sets of basis functions, where the numbers
signify grid points of Q13,, Q13y, @18z, Q1isy, @2, Qo» and Qg normal modes. The set (13,7,7,5,7,11,13)

produces converged spectral profile.

E(eV) (5,5,7,5,7,7,9) | E(eV) (7,5,7,5,7,9,11) | E(eV) (9,7,7,5,7,11,11) | E(eV) (13,7,7,5,7,11,13)
2315250 grid points 5093550 grid points 11205810 grid points 19129110 grid points

9.6371 9.6344 9.6324 9.6324

9.6946 9.6894 9.7212 9.7238

9.7581 9.7466 9.7603 9.7600

9.8087 9.8336 9.8235 9.8233

9.8737 9.8924 9.8702 9.8834

9.9258 9.9264 9.9076 9.9080

9.9660 9.9999 9.9879 9.9895

10.0611 10.0333 10.0541 10.0545

TABLE S4: Peak positions of TDDVR based spectra (using BBO calculated diabatic PESs) for A2A’2’
state (second excited states) are summarized for four sets of basis functions, where the numbers represent
grid points of Q134, Q13y, Q18z, @18y, @2, Q9 and Qg, normal modes. The set (13,7,7,5,7,11,13) leads to

converged spectral profile.

E(eV) (5,5,7,5,7,7,9) | E(eV) (7,5,7,5,7,9,11) | E(eV) (9,7,7,5,7,11,11) | E(eV) (13,7,7,5,7,11,13)
2315250 grid points 5093550 grid points 11205810 grid points 19129110 grid points
12.3389 12.3371 12.3356 12.3357
12.3950 12.3906 12.3837 12.3814
12.4582 12.4518 12.4450 12.4460
12.5263 12.5138 12.5287 12.5289
12.5755 12.6021 12.5943 12.5927
12.6240 12.6453 12.6420 12.6426
12.6908 12.6886 12.7055 12.7064
12.7857 12.7959 12.7736 12.7764
12.8275 12.8533 12.8138 12.8143
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TABLE S5: TDDVR calculated spectral position (obtained from BBO based diabatic PESs) for B2E’ —
C’QA’Q state (third to fifth excited states) are depicted for four sets of basis functions, where the numbers
indicate grid points of Q13z, Q13y, Q182 @18y, @2, Qoz and Qg normal modes. The set (13,7,7,5,7,11,13)

results into converged spectral profile.

E(eV) (5,5,7,5,7,7,9)
2315250 grid points

E(eV) (7,5,7,5,7,9,11)
5093550 grid points

E(eV) (9,7,7,5,7,11,11)
11205810 grid points

E(eV) (13,7,7,5,7,11,13)
19129110 grid points

13.4259

13.4006

13.3890

13.3870
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S12.2 PE spectra Including and Excluding () Normal Mode

includingI Q, normal mode
excluding Q, normal mode

9.8273 eV

Intensity (arbitrary units)

_J . . .

9.55 9.75 9.95 10.15 10.35 10.55

Energy (eV)

FIG. S37: The diagram depicts PE spectra for X2E" state obtained from TDDVR formalism using BBO
based diabatic PESs and couplings in (a) presence [(13,7,7,5,7,11,13) basis set with 19129110 number of
grid points| and (b) absence [(13,7,7,5,11,13) basis set with 2732730 number of grid points] of )2 normal
mode (C-F symmetric stretching). While excluding the @2 mode, the intensity of spectral peak at 9.8273

eV diminishes as well as gets broadened affirming the importance of C-F symmetric stretching.
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S12.3 PE Spectra Including Additional Modes

X2E" State

—~
o
=

(b)

13,7,7,5,7,11,13 (19129110 Basis fns.)
13,7,7,5,7,11,13,1,5,1,1 (95645550 Basis fns.)

13,7,7,5,7,11,13 (19129110 Basis fns.)
13,7,7,5,7,11,13,7,1,1.1 (133903770 Basis fns.)

Intensity (arbitrary units)
Intensity (arbitrary units)

9.55 9.75 9.95 10.15 10.35 10.55 9.55 9.75 9.95 10.15 10.35 10.55

Energy (eV) Energy (eV)
(d

—~
o
~

13,7,7,5,7,11,13 (19129110 Basis fns.)
13,7,7,5,7.11,13,1,1,1,5 (95645550 Basis fns.)

13,7,7,5,7,11,13 (19129110 Basis fns.)
13,7,7,5,7,11,13,1,1,7.1 (133903770 Basis fns.)

Intensity (arbitrary units)
Intensity (arbitrary units)

9.55 9.75 9.95 10.15 10.35 10.55 9.55 9.75 9.95 10.15 10.35 10.55

Energy (eV) Energy (eV)

FIG. S38: The diagram displays the comparison of theoretically calculated spectra by TDDVR method-
ology over BBO based diabatic PESs for the lower basis set (13,7,7,5,7,11,13) with the larger ones,
namely, (a) (13,7,7,5,7,11,13,7,1,1,1), (b) (13,7,7,5,7,11,13,1,5,1,1), (¢) (13,7,7,5,7,11,13,1,1,7,1) and (d)
(13,7,7,5,7,11,13,1,1,1,5) for X2E" state. The additional four numbers in the sets represent the grid points
of Q10z, Quoy, Q120 and @12y, respectively. While including (a) Qioz, (b) Qioy, (¢) Q12 and (d) Qi2y
modes as “quantum” modes in the dynamical calculation, the spectral profile remains almost invariant.

For each cases, the remaining three modes act as “classical” modes.
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FIG. S39: The diagram depicts theoretical spectral profile obtained from TDDVR methodology using

BBO calculated diabatic PESs for the lower basis set (13,7,7,5,7,11,13) and its comparison with larger
ones, namely (a) (13,7,7,5,7,11,13,7,1,1,1), (b) (13,7,7,5,7,11,13,1,5,1,1), (c) (13,7,7,5,7,11,13,1,1,7,1) and
(d) (13,7,7,5,7,11,13,1,1,1,5) for A2AY state. If (a) Qioz, (b) Qioy, (¢) Qi2x and (d) Qia, modes are

included as “quantum” modes in the dynamical calculation, no significant changes are observed in the

spectral profile. In each case, the rest of the three modes are treated as “classical” modes.
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FIG. S40: The diagram demonstrates theoretically calculated spectra obtained from TDDVR methodology

employing BBO computed diabatic PESs for the lower basis set (13,7,7,5,7,11,13) and its comparison with
larger ones, namely (a) (13,7,7,5,7,11,13,7,1,1,1), (b) (13,7,7,5,7,11,13,1,5,1,1), (¢) (13,7,7,5,7,11,13,1,1,7,1)
and (d) (13,7,7,5,7,11,13,1,1,1,5) for B?E’' — C?A} states. If (a) Q1oz, (b) Qioy, (¢) Qi2: and (d) Q1

modes are incorporated as “quantum” modes in the dynamical calculation, minimal changes are observed

in the spectral envelop. In each case, the rest of the three modes behave as “classical” modes.
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S12.4 Comparison of PE Spectra Calculated from TDDVR and Fast Fourier Trans-
formation (FFT) - Lanczos Methods

In this subsection, we compare the PE spectra of TFBz using FFT-Lanczos dynamics over BBO
based diabatic PESs (~ 1.26 x 10" number of grid points) with fully converged TDDVR. profiles
using same BBO based diabatic surfaces (~ 1.32 x 10" number of basis functions) as well as with
the experimental findings.!® Fig. S37 and Table S6 display that few peaks in the experimental
spectral bands'® (9.8917 eV, 10.0642 eV for X2E” and 12.5849 eV for A2AY states) are missing
in the theoretical ones obtained from FFT-Lanczos dynamics. In addition, some (FFT-Lanczos)
peaks (9.7804 eV, 9.9728 eV for X2E” and 12.4214 eV, 12.7202 eV for A% Al states) are substantially
shifted from their corresponding experimental counterpart ' (9.7696 eV, 9.9939 eV, 12.4031 eV and
12.7056 eV). Moreover, the diffused spectral patterns for X2E” and A2AY states' (at > 10.0 eV
and > 12.7 eV) originating from the overtones of various vibrational frequencies are absent in the
FFT-Lanczos based spectra. Finally, the intensity of the peaks also show wide difference from
the experimentally findings.'® Nevertheless, the TDDVR calculated spectra exhibit peak by peak
correspondence, which justifies better applicability of such algorithm for large molecular systems

like TFBz.
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FIG. S41: The left panel shows (a) experimental PE spectrum of TFBz!3 for the ground degenerate state

(X2E") in comparison with the theoretical spectra obtained from (b) FFT-Lanczos methodology on BBO

)

2 Al states, respectively.

¢) TDDVR methodology on the same diabatic PESs. The middle (d-f

(

based diabatic surfaces'? and from

C

and the right (g-i) columns depict the same quantities for /NXQA’Q’ and B?E' —

For all the three cases, TDDVR calculated spectra exhibit better peak by peak correspondence with the

experimental '® ones.
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TABLE S6: Comparison of peak positions among experimental spectra'® and theoretical spectra obtained
from BBO based diabatic Hamiltonian (using FFT-Lanczos and TDDVR dynamics) for X2E", A2Al and

B2E' — C? Al states is presented.

X2E" state A2 AY state B2E' — C? Al states
E(eV) (experiment E(eV) E(eV) E(eV) (experiment E(eV) E(eV) E(eV) (experiment E(eV) E(eV)
of Gilbert et al.'3) | (FFT-Lanczos) | (TDDVR) | of Gilbert et al.'®) | (FFT-Lanczos) | (TDDVR) | of Gilbert et al.'®) | (FFT-Lanczos) | (TDDVR)
9.6383 9.6359 9.6324 12.3356 12.3321 12.3356 13.3772 13.3780 13.3866
9.7086 9.7125 9.7212 12.4031 12.4214 12.3838
9.7696 9.7804 9.7603 12.4595 12.4678 12.4496
9.8281 9.8266 9.8235 12.5189 12.5194 12.5310
9.8917 9.8702 12.5849 12.5933
9.9382 9.9222 9.9076 12.6461 12.6385 12.6431
9.9939 9.9728 9.9879 12.7056 12.7202 12.7063
10.0642 — 10.0541 12.7651 12.7675 12.7794
12.8198 12.8201 12.8150
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