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S1. NON-EMPIRICAL TUNING OF THE RANGE-SEPARATION PARAMETER IN TCAM-B3LYP

A function (J?) that measures the difference between the energy eigenvalues for the HOMO and the IP of the
benzene is given by

J? = [enomo(N) + IP(N)? + [egomo(N + 1) + IP(N + 1)]? (1)
where
IP(N) = E(N —1) — E(N), 2)

where egonro is the energy of the HOMO, N is the number of electrons in the molecule, and the IP is calculated as
the ASCF value between the N and N — 1 electron system, The goal of IP-tuning is then to minimise the value of J2
for a given molecule and functional by varying the parameters in the exchange-correlation functional.

For example, the amount of exact exchange in a range-separated functional can be split into separate long and
short range components using the error function (erf).

1 1= [ + Berf(yr12)] n a + Berf(yri2) 3)
T12 T12 712
712 is the inter-electronic distance, « is the amount of exact exchange in the short range region, which is increased to
a+ B in the long range region. = is used to classify the short and long range regions. Hence, «, 3, and 7 are examples
of functional parameters that can be modified to minimise J2. Although it is possible to carry out a multi-dimensional
simultaneous tuning of these three parameters, it is sufficient in practice to ‘tune’ a single parameter, .1

As the interelectronic repulsion tends asymptotically towards 1"1_21 in the long range region, another condition to
ensure the reliability of IP-tuned range-separated functionals is to require a+ 3 = 1.2 Since the standard CAM-B3LYP
functional” (o = 0.19, 8 = 0.46) does not fulfil this condition, we carried out the IP-tuning procedure on the tuned
CAM-B3LYP functional* (a = 0.0799, 3 = 0.9201) by Okuno et al. instead.

J? was calculated as v was varied from 0.20 to 0.40 Bohr~! by carrying out single point tCAM-B3LYP and
unrestricted tCAM-B3LYP calculations of the neutral, anionic and cationic forms of benzene to obtain the SCF and
HOMO energies of the respective systems. A polynomial fit was then used to obtain the value of v at which J?
was minimised, which was found to be 0.2770 Bohr~!'. The above calculations were carried out with Gaussian16
and the B3LYP/def2-TZVPP optimised geometry of neutral benzene. The source code of molgw v2.D and the
libxc v.4.3.4.5 library was also modified slightly to define the IP-tCAM-B3LYP functional.
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FIG. S1. Plot of the error function J? against + for the tCAM-B3LYP functional in neutral benzene. The def2-TZVPP basis
set was used.
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S2. IP AND EA OF NEUTRAL BENZENE WITHIN DFT AND GW

TABLE S1. IP and EA of benzene within DFT and GW, calculated using the def2-TZVPP and def2-QZVPP basis sets. The

qsGW method is not listed under any exchange-correlation functional because it is completely independent of the DFT starting
point. All values are in eV.

IP EA
def2-TZVPP def2-QZVPP def2-TZVPP def2-QZVPP
BLYP DFT 6.12 6.14 0.98 1.02
GoWy 8.85 8.99 —-1.39 —-1.14
evGW)y 9.06 9.24 —1.58 —1.30
evGW 9.28 9.45 —1.84 —1.56
B3LYP DFT 7.06 7.08 0.40 0.45
GoWy 9.05 9.19 —1.55 —1.30
evGW)y 9.13 9.31 —1.68 —1.40
evGW 9.26 9.44 1.85 —1.57
CAM-B3LYP DFT 8.50 8.52 —0.88 —0.82
GoWo 9.23 9.39 -1.73 —1.48
evGW) 9.23 9.41 —1.77 —1.51
evGW 9.28 9.45 1.83 —1.57
tCAM-B3LYP DFT 8.46 8.48 —0.92 —0.86
GoWo 9.23 9.39 —1.66 —1.41
evGW)y 9.25 9.43 —1.71 —1.44
evGW 9.30 9.47 —-1.79 —1.52
IP-tCAM-B3LYP DFT 9.41 9.43 —1.56 —1.49
GoWo 9.32 9.48 —1.76 —1.51
evGW)y 9.30 9.47 —-1.78 —1.52
evGW 9.30 9.47 —1.80 —1.54
qsGW 9.40 9.48 —1.75 —1.59

CCSD(T)/CBSE 9.44 -1.53
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S3. VIBRATIONAL FREQUENCIES OF NEUTRAL BENZENE WITHIN DFT AND GW

TABLE S2.  Vibrational frequencies (w) of the a1y and e24(6) normal modes of neutral benzene within DFT and GW,
calculated as the second derivative of the SCF and Galitski-Migdal total energies respectively. All values are in cm ™.

Functional Wiay, W2ay, Wiegy () Waeq, (0) W3eq, () Waeq, (0)
BLYP DFT 1010 3208 614 1178 1614 3204
GW 1024 3240 575 1163 1639 3227
B3LYP DFT 1015 3196 624 1200 1637 3170
GW 1026 3247 584 1179 1647 3234
CAM-B3LYP DFT 1021 3246 633 1209 1659 3242
GW 1029 3257 598 1204 1661 3244
tCAM-B3LYP DFT 1014 3230 618 1180 1631 3227
GW 1030 3258 597 1203 1663 3245
IP-tCAM-B3LYP DFT 1020 3250 624 1187 1651 3247
GW 1030 3260 604 1215 1667 3248

CCSD(T) /cc-pVTZ” 1005 3209 607 1189 1637 3181




S4
S4. EFFECT OF THE BASIS SET AND NORMAL MODE COORDINATES

We do not consider the C-H bond stretching modes in this section because of their relative insignificance with
respect to the JT effect in the benzene cation and anion.

The effect of the basis set on the computed vibrational frequencies and vibronic coupling constants is given in
Tables [S3| to It can be seen from Table[S3|that the basis set effect on the vibrational frequencies is relatively small
compared to the IP and EA of benzene. The largest difference between the def2-TZVPP and def2-QZVPP results is

small, about 20 cm~! only. Similarly, the effect on the linear vibronic coupling constants, Vi(+’1) and Vi(_’l), is small
(Tables [S4]and . As suggested in our previous work, the numerical computation of the vibrational frequencies and
vibronic coupling constants leads to the basis set errors cancelling each other, and explains the weakened basis set
effect here.

TABLE S3. Basis set effect on the vibrational frequencies of neutral benzene within B3LYP and GW. These are computed
numerically as the second derivative of the SCF and Galitski-Migdal total energies respectively. All values are in cm™*.

DFT GW
def2-TZVPP def2-QZVPP def2-TZVPP def2-QZVPP
Wiaq, 1016 1013 1026 1009
Wiesy, 629 629 584 592
W2eg, 1206 1207 1179 1174
W3eq, 1643 1639 1647 1635

TABLE S4. Basis set effect on the computed values of Vi(+’1) within B3LYP and GoW,@B3LYP. All values are in 10™% a.u. ™!,

B3LYP GoWoy
def2-TZVPP def2-QZVPP def2-TZVPP def2-QZVPP
Wiaq, 1.59 1.56 2.08 2.09
Wieg, 1.47 1.47 1.47 1.46
W2eq, 2.04 2.04 2.05 2.06
W3eq, 4.90 4.90 4.88 4.91

TABLE S5. Basis set effect on the computed values of V,L-H’l) within B3LYP and GoW,@B3LYP. All values are in 10™% a.u. ™.

B3LYP GoWy
def2-TZVPP def2-QZVPP def2-TZVPP def2-QZVPP
Wiay, 3.11 3.09 3.47 3.42
Wieg, 0.51 0.51 0.55 0.53
W2eq, 2.51 2.49 2.50 2.46
W3eq, 5.87 5.74 5.77 5.61

Next, the effect of the normal mode coordinates on the computed vibrational frequencies and linear vibronic coupling
constants is given in Tables [S6| to We find that the effect of the normal mode coordinates is negligible for the
Vley, and Vaes, normal modes, and is slightly stronger in the Vlay, and Ve, normal modes (Table . The effect on

the linear vibronic coupling constants is also weak in general, with the strongest effect observed in V3(+’1) (Tables

€24

and . The Gaussianl6 program was used in this set of calculations.



S5

TABLE S6. Effect of the normal mode coordinates on the numerical calculation of the vibrational frequencies, using the
normal mode coordinates obtained with the BLYP, B3LYP, and CAM-B3LYP functionals. All values are in cm™".
Normal mode coordinates BLYP B3LYP CAM-B3LYP

Wias, B3LYP 1010 1016 1020

CAM-B3LYP 1026 1031 1036
Wieg, B3LYP 609 625 630

CAM-B3LYP 610 625 630
Waeq, B3LYP 1176 1205 1208

CAM-B3LYP 1180 1209 1213
W3eq, B3LYP 1611 1640 1657

CAM-B3LYP 1632 1660 1677
TABLE S7. Effect of the normal mode coordinates on the computed values of Vi(+‘1>. The normal mode coordinates were

obtained with the BLYP, B3LYP, and CAM-B3LYP functionals. All values are in 10~* a.u.” .

Normal mode coordinates BLYP B3LYP CAM-B3LYP
vy B3LYP 1.38 1.59 1.81
CAM-B3LYP 1.39 1.61 1.82
vy B3LYP 1.39 1.47 1.50
CAM-B3LYP 1.40 1.48 1.51
vy B3LYP 1.86 2.04 2.20
CAM-B3LYP 1.80 1.97 2.12
ViV B3LYP 4.37 491 5.24
CAM-B3LYP 4.45 4.99 5.50
TABLE S8. Effect of the normal mode coordinates on the computed values of %(7’1>. The normal mode coordinates were

obtained with the BLYP, B3LYP, and CAM-B3LYP functionals. All values are in 10™% a.u.” .

V<+’1)

lajg

V(+’1)

leggy

V(+,1)

2e2g

(1)
Vies,

Normal mode coordinates

B3LYP
CAM-B3LYP
B3LYP
CAM-B3LYP
B3LYP
CAM-B3LYP
B3LYP
CAM-B3LYP

BLYP

3.00
3.02
0.45
0.47
2.38
2.29
5.59
5.68

B3LYP

3.11
3.13
0.51
0.53
2.51
2.42
5.87
5.96

CAM-B3LYP

3.24
3.26
0.57
0.59
2.60
2.50
6.05
6.14
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TABLE S9. DFT orbital vibronic coupling constants of the frontier orbitals in benzene. The values of ViH’l) and \@(7‘1) are
the absolute values of the orbital vibronic coupling constants. All results are in 10~ a.u.

Mode BLYP  B3LYP  CAM-B3LYP  tCAM-B3LYP  IP-tCAM-B3LYP
Viay, (Wery (@050, [Pery(0)) ~1.38 ~1.59 ~1.81 ~1.58 ~1.83
(Werg(e)|Piar, [Yer (o)) ~1.38 ~1.59 —1.81 ~1.58 ~1.83
(Pean@)| 050, Ve @) 3.00 3.11 3.24 3.09 3.25
<w52u(6>|u1alq|we2u< ) 2.99 3.11 3.23 3.09 3.25
Vaas, (Wery (0050, [Pery(0)) 1.85 1.90 1.88 1.73 1.73
(Werg(0) 050, [er o)) 1.84 1.90 1.88 1.72 1.73
(Beau®)| 050, e @) —0.05 —0.19 —0.39 —0.31 —0.53
<¢62u(6>|@§}z’1g|¢ezu< ) —0.05 ~0.19 ~0.40 ~0.31 ~0.53
Vies, (0) (Wery @ 050) (o)W1, (@) —1.39 —1.47 —1.50 —1.42 —1.46
{Yerg(0[0 1620(9)\¢e19< ) 1.39 1.47 1.50 1.42 1.46
(Venn ()]0 162g(9)\¢82u<6>> —0.46 —0.51 —0.58 —0.53 ~0.59
(Yegn (0|0 1629(9)\¢321L<6)> 0.46 0.51 0.57 0.53 0.59
Vaes, (0) (Per, @] 252q(9)\¢619(9>> —1.86 —2.04 —2.20 —2.03 —2.21
(Yery(e[0 ze%(e)\%lg( ) 1.86 2.04 2.20 2.02 2.21
(Yemu 9)|v2P29(9)\¢62u o) 2.38 2.51 2.61 2.47 2.59
(Wezu @050y (0 [Wezuie)) —2.38 —2.51 —2.61 —2.47 —2.59
Viey, (6) (Yer, 0] 3629(9)\¢elq(9>> —4.38 —4.91 —5.42 —4.81 —5.40
(Wery 0| Sezg(g)w}elq( ) 4.37 4.90 5.41 4.80 5.39
(Ve (0] SEQQ(g)\me 5.59 5.87 6.06 5.73 5.99
(Weu@|95es, (o) e o) —5.59 —5.87 —6.06 —5.73 —5.98
Vies, (0) (e, (0] 4529(9)\¢81g<9>> 0.08 0.03 0.05 0.03 0.04
{Yer, 0 4529(9)\¢51J< ) —0.06 —0.01 —0.03 —0.02 ~0.03
(Ve 0|0 452 )|V 0) 1.21 1.27 1.32 1.27 1.33
( ) ~1.20 ~1.26 ~1.31 ~1.25 ~1.32

weQu(5)| 4629(9) [Pesu (e
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TABLE S10. GoWjy orbital vibronic coupling constants of the frontier orbitals in benzene. The values of Vi(+’1) and Vi(_’l)
are the absolute values of the orbital vibronic coupling constants. All results are in 107 a.u.
GoWo@

Mode BLYP B3LYP CAM-B3LYP tCAM-B3LYP IP-tCAM-B3LYP
Viay, (Wery @050, [Pery (@) —2.17 —2.08 —2.07 —2.09 —2.10
(Werg (0|5, [Yerge)) —2.17 —2.08 —2.07 —2.09 —2.10
<¢e2u<9>lv1a1g|¢e2u(9)> 3.45 3.47 3.42 3.37 3.37
<¢62u(6>|ulalg|¢62u(e>> 3.44 3.46 3.42 3.37 3.37
Vaar, <¢elg(0)|@§§>lg|welg(@)> 0.91 0.98 1.01 0.95 0.93
(Werg(0)[ D5, [Wer(e)) 0.91 0.98 1.01 0.95 0.93
(Bean 0|50, [en 0)) 0.74 0.58 0.31 0.33 0.13
(Ve () |B5r, 1Pen o)) 0.73 0.58 0.30 0.33 0.13
Vies, (6) (Yer, (0] 1F29(9)\¢61g<9>> —1.40 —1.47 —~1.53 —1.50 —1.54
(Yeq, (o] 1529(9)\¢81g< ) 1.40 1.47 1.53 1.50 1.54
(Vg 0|0 1629(9)\%2“ o)) —0.53 —0.55 —0.57 —0.56 —0.57
(Yegu (e >|v1629(9)\¢52u ) 0.53 0.55 0.56 0.56 0.57
Vae,, (0) <welq<6)|u262g(9)\welq(m —~1.96 —2.05 —2.16 —2.16 —2.21
<¢elq<e>|v2529(g)\d)elg(e>> 1.95 2.05 2.16 2.16 2.21
(Wegn ()| 2629(9)\%2”(9)) 2.42 2.50 2.57 2.56 2.60
(e (c )|v262q(9)\1/)62u(€ ) —2.42 —2.50 —2.57 —2.56 —2.60
V3en, (0) (tery(0) 0 3529(9)\1/;519(9» —4.61 —4.90 —5.20 —5.17 —5.30
(theyy(e)|D 3629(9)\1/;519( ) 4.59 4.88 5.18 5.15 5.28
(Vean ()| 3621(9)\1/;52“ 0)) 5.62 5.77 5.89 5.86 5.91
(tegu o 352g(9)\¢e2u o) —5.61 —5.76 —5.88 —5.85 —5.90
Vies, (0) (Yery @ 462q(9)\¢619(9)> 0.21 0.16 0.14 0.18 0.15
(Yeyy (e )|v452q(9)\1/)61g( ) —0.20 —0.15 —0.16 —0.17 —0.17
(g ()| 452q(9)\¢62u<9)> 1.17 1.18 1.21 1.23 1.24
( ) —~1.15 —~1.16 —1.20 —1.21 —-1.23

Ve (e)|0 | 4529 (6) |Yesu (o)
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TABLE S11. evGWj orbital vibronic coupling constants of the frontier orbitals in benzene. The values of Vi(+’1) and Vi(_’l)
are the absolute values of the orbital vibronic coupling constants. All results are in 10 a.u.
evGW @
Mode BLYP B3LYP CAM-B3LYP tCAM-B3LYP IP-tCAM-B3LYP
Viay, (Wery @050, [Pery (@) —2.17 —2.10 —2.10 —2.16 —2.11
<welg(e>|ﬁ§}}1g|¢elg(€)> —2.17 —2.10 —2.11 —2.16 —2.11
(Beau®) |, Yo @) 3.42 3.44 3.37 3.35 3.40
(Peau(0 050, [Pea o)) 3.42 3.44 3.38 3.35 3.39
Vaay, (Pery ()05, [Yer4(0)) 0.98 1.00 0.97 0.94 0.89
(Werg(0)[ D5, [Wer(e)) 0.99 1.00 0.97 0.95 0.89
(Bean 0|50, [en 0)) 0.60 0.48 0.32 0.29 0.29
(Ve () |B5r, 1Pen o)) 0.58 0.47 0.32 0.28 0.25
Vies, (0) (Peyy(0)|0 1929(9)\¢61g<9>> —1.44 —1.51 —1.54 —1.51 —1.53
(Yerg (0|0 1529(9)\¢elg< ) 1.47 1.49 1.53 1.53 1.53
(Ve ()| 1529(9)\%2“ o) —0.54 —0.58 —0.58 —0.57 —0.57
(Weg, (e >|vlﬁ29(9)\¢52u ) 0.55 0.56 0.55 0.58 0.56
Vaeq, (0) <welq<6)|u262g(9)\welq(m —2.11 —2.14 —2.17 —2.19 —2.22
(welq(e)wmg(@)W)elg(e)) 2.10 2.12 2.18 2.19 2.21
(e ()| 2629(9)\%2”(9)) 2.51 2.50 2.59 2.56 2.59
(Ve (e )|v262q(9)\1/)62u(€ ) —2.52 —2.56 —2.57 —2.59 —2.59
Vses, (0) (Pey (o) |0 sﬁzg(g)\zpelg(g)) —5.04 —5.13 —5.23 —5.25 —5.29
(Yery(0)]® 3629(9)\¢e19< ) 5.02 5.09 5.22 5.24 5.25
o 3621(9)\11152“ o) 5.83 5.87 5.89 5.88 5.90
(Ve (o] 3620(9)\1/;621‘ 9) —5.83 —5.88 -5.91 —5.89 -5.91
Vies, (0) (P, (0] 462q(9)\¢61g(9)> 0.21 0.16 0.16 0.19 0.16
(Yerg(e >|v452q(9>\1/)elg< ) -0.18 —0.13 —0.15 —0.18 —0.16
(Ve ()| 4%(9)\1/)62”(9)) 1.23 1.24 1.23 1.25 1.23
( ) ~1.20 ~1.18 ~1.20 —1.24 ~1.24

Ve (e)|0 | 4529 (6) |Yesu (o)
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evGW and qsGW orbital vibronic coupling constants of the frontier orbitals in benzene. B3LYP was used as

the mean-field method to start the qgsGW calculations. The values of V;(J“l) and ‘4(7’1) are the absolute values of the orbital
vibronic coupling constants. All results are in 10™* a.u.

evGW@Q qsGW

Mode BLYP B3LYP CAM-B3LYP tCAM-B3LYP IP-tCAM-B3LYP  B3LYP
Viay, (Wery ()05, [Yer40)) —220 —211 —2.11 —2.13 —2.12 —2.16
(Werg (0|05, Ve, e)) —221  —211 —2.11 —2.13 —2.12 —2.16

(Beau®) |00, [Pes 0)) 3.37 3.45 3.44 3.41 3.43 3.44
Penue)|0iar, [Pesne)) 3.37 3.45 3.43 3.41 3.43 3.44

Voay, (Wery (0050, [Perg(0)) 1.17 1.14 1.04 0.99 0.89 1.32
(Werg (0050, [Yerye)) 1.17 1.13 1.04 1.00 0.89 1.32

(Wern (@) D50r, [Ver (0)) 0.46 0.40 0.27 0.30 0.34 0.47
(Pen(0)|050r, 1Penne)) 0.45 0.40 0.26 0.29 0.36 0.47

View (0)  (Yery0 0L o) [er,0)  —1.50  —1.53 —1.57 —1.52 —1.54 —1.55
(Wer 0 |P1en, (o) [Perg () 1.53 1.52 1.55 1.53 1.54 1.54
(Wezu@ P10, (0)|Vezu(@)  —055  —0.58 —0.58 —0.57 —0.57 —0.47
(Wezu(@|05er, 6y [Pezute) 0.59 0.57 0.57 0.57 0.57 0.47

Vaesg(0)  (er, @050 ) [Wery0)  —224 222 —2.22 —2.23 —2.23 —2.20
Werg @050 @) [erg(0)  2:23 2.22 2.21 2.21 2.20 2.20

(e ()50, 0y [Peru@) 257 2.60 2.59 2.60 2.58 2.62

(Wezu (@ 050) (o) [Wezu0)  —262 =259 ~2.59 ~2.59 —2.61 ~2.62

Vses, (0) <we1g<o>|®§25(@)\%gww ~5.36  —5.32 —5.32 —5.32 —5.28 —5.47
<welg<e>|®§2g(e)\zﬁely(e)) 5.35 5.32 5.30 5.32 5.30 5.49

ez (@ 05e) o) Veru@) 599 5.98 5.94 5.94 5.91 6.10

(eru (0 050) (o) [Pezu0)  —596  —5.94 —5.92 —5.92 —5.90 —6.06

Vies, (0) <¢elg<g>|@§1€lg(9)\welg(9)> 0.19 0.14 0.15 0.12 0.16 0.09
(Wery@|Pher, (o) |Yerg0)  —0.18 =013 —0.15 —0.15 —0.17 —0.10

(Wezu @ |04er, (o) Yeru (@) 1.29 1.25 1.24 1.27 1.24 1.26
<w62u(e>|@§i’29(9)w%(e)) ~1.30  —1.23 ~1.22 —~1.23 —1.24 ~1.26
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TABLE S13. DFT and GW dimensionless linear vibronic coupling constants of the benzene cation, D£+’1) = Vf""”/v%?,
DET/GW s the vibrational frequency of normal mode ¢ within DFT/GW. The values of D§+’1) calculated using the GW

result for Vi(+’1) and the GW vibrational frequencies wPFT
were used in the case of qsGW.

where w;

is also given in parentheses. The B3LYP vibrational frequencies

This work DY DiY Dy DY DSy DLy
BLYP DFT 0.224 0.104 0.941 0.474 0.693 0.004
GoWo  0.694 (0.680)  0.052 (0.051) 0.946 (1.045)  0.497 (0.506)  0.727 (0.711) ~ 0.011 (0.011)
evGWo  0.702 (0.688)  0.057 (0.056)  0.993 (1.097)  0.535 (0.546)  0.796 (0.777)  0.010 (0.009)
evGW  0.705 (0.690)  0.067 (0.066) 1.024 (1.131)  0.569 (0.580)  0.850 (0.831)  0.010 (0.010)
B3LYP DFT 0.506 0.108 0.968 0.504 0.761 0.001
GoWo  0.661 (0.650)  0.056 (0.055) 0.969 (1.070)  0.507 (0.520)  0.757 (0.750)  0.008 (0.008)
evGWo  0.665 (0.654)  0.058 (0.056)  0.984 (1.087)  0.524 (0.538)  0.794 (0.787)  0.008 (0.008)
evGW  0.673 (0.662)  0.065 (0.063) 1.006 (1.111)  0.550 (0.564) 0.829 (0.821)  0.007 (0.007)
CAM-B3LYP DFT 0.571 0.105 0.969 0.539 0.824 0.002
GoWo  0.654 (0.646)  0.056 (0.056) 0.989 (1.076)  0.527 (0.531)  0.788 (0.787)  0.009 (0.009)
evGWo  0.664 (0.656)  0.054 (0.054)  1.006 (1.094)  0.530 (0.534)  0.797 (0.796)  0.008 (0.008)
evGW  0.663 (0.655)  0.057 (0.056) 0.992 (1.079)  0.540 (0.543)  0.807 (0.806)  0.008 (0.008)
tCAM-B3SLYP ~ DFT 0.503 0.097 0.953 0.513 0.750 0.001
GoWo  0.666 (0.651)  0.053 (0.053) 1.008 (1.060)  0.548 (0.533)  0.804 (0.781)  0.009 (0.009)
evGWo  0.686 (0.671)  0.054 (0.053)  1.021 (1.074)  0.558 (0.542)  0.818 (0.794)  0.009 (0.009)
evGW  0.681 (0.667) 0.056 (0.055) 1.024 (1.077) 0.563 (0.547)  0.830 (0.806)  0.009 (0.009)
IP-tCAM-B3LYP ~ DFT 0.578 0.096 0.965 0.556 0.827 0.002
GoWo  0.664 (0.654)  0.052 (0.051) 1.019 (1.069)  0.555 (0.537)  0.810 (0.780)  0.009 (0.009)
evGWo  0.667 (0.657)  0.049 (0.049)  1.011 (1.060)  0.555 (0.536)  0.805 (0.775)  0.009 (0.009)
evGW  0.669 (0.659)  0.050 (0.049) 1.019 (1.069) 0.554 (0.535) 0.810 (0.780)  0.009 (0.009)

qsGW

0.688

0.075

1.017

0.543

0.849

0.006
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TABLE S14. DFT and GW dimensionless linear vibronic coupling constants of the benzene anion, Dg_’l) = Vf_’l)/\/hw?,

DFT/GW

where w is the vibrational frequency of normal mode ¢ within DFT/GW. The values of DE_’l) calculated using the

i
GW result for Vi(_’l) and the DFT vibrational frequencies wPFT is given in parentheses. The B3LYP vibrational frequencies
were used in the case of qsGW.

This work DY D§,Y Dy, DL,V D, Dl
BLYP DFT 0.959 0.003 0.309 0.607 0.886 0.068
GoWo 1103 (1.081) 0.042 (0.041) 0.357 (0.394) 0.616 (0.627) 0.890 (0.870) 0.066 (0.066)
evGWo 1085 (1.063)  0.034 (0.033)  0.358 (0.396) 0.635 (0.647) 0.923 (0.902) 0.071 (0.070)
evGW 1075 (1.053)  0.027 (0.026)  0.385 (0.425)  0.657 (0.670) 0.948 (0.926) 0.074 (0.073)
B3LYP DFT 0.988 0.011 0.338 0.622 0.911 0.073
GoWo 1102 (1.084) 0.033 (0.032) 0.362 (0.400) 0.617 (0.634) 0.896 (0.887) 0.068 (0.066)
evGWo  1.080 (1.080)  0.027 (0.026)  0.387 (0.427)  0.629 (0.645) 0.915 (0.907)  0.070 (0.068)
evGW  1.092 (1.074)  0.023 (0.023)  0.379 (0.419)  0.645 (0.662) 0.929 (0.921)  0.070 (0.070)
CAM-BSLYP  DFT 1.020 0.022 0.372 0.637 0.922 0.074
GoWo 1077 (1.065) 0.017 (0.017)  0.365 (0.397)  0.628 (0.633) 0.896 (0.894)  0.068 (0.068)
evGWo  1.067 (1.055) 0.017 (0.017)  0.354 (0.385)  0.628 (0.632) 0.898 (0.897) 0.067 (0.067)
evGW 1088 (1.075) 0.014 (0.014)  0.375 (0.408)  0.636 (0.641) 0.903 (0.902)  0.069 (0.069)
tCAM-B3LYP ~ DFT 0.984 0.018 0.354 0.628 0.894 0.071
GoWo  (1.0501.074) 0.018 (0.018)  0.375 (0.394)  0.649 (0.631) 0.915 (0.889) 0.069 (0.068)
evGWo  1.067 (1.044)  0.019 (0.019)  0.385 (0.405)  0.655 (0.636) 0.919 (0.893) 0.071 (0.071)
evGW  1.084 (1.060)  0.016 (0.016)  0.384 (0.404)  0.657 (0.639) 0.926 (0.899)  0.071 (0.070)
IP-tCAM-B3LYP  DFT 1.026 0.029 0.392 0.652 0.918 0.074
GoWo  1.065 (1.049)  0.007 (0.007) 0.374 (0.392)  0.653 (0.631) 0.906 (0.872)  0.069 (0.069)
evGWy  1.074 (1.058)  0.007 (0.016)  0.375 (0.303)  0.652 (0.630) 0.904 (0.871)  0.068 (0.068)
evGW 1085 (1.069)  0.009 (0.019) 0.374 (0.392) 0.648 (0.626) 0.905 (0.872)  0.069 (0.069)

qsGW

1.095

0.027

0.368

0.648

0.947

0.073
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S6. SECOND ORDER VIBRONIC COUPLING

The expansion of the vibronic coupling model to include the second order coupling in the a;, and ez; normal modes
is roughly discussed here. As per the main text, we will demonstrate the theory with the cation. The procedure will
be the same for the anion. We do not consider intermode coupling in the vibronic Hamiltonian.

The quadratic vibronic Hamiltonian is then

1
Hyp, = HO + 3 VVQi+ 5> VP Q2. (4)
i i1

The simpler a4 case is discussed first. For the a;, normal modes, the second order vibronic Hamiltonian is

(2)

Va
H’L)ib.(Qalg) - 0) + V Qalq 21g g'117' (5)

As done for the linear case, the corresponding terms for the neutral molecule, which are just the vibrational

frequencies in the case of the second order terms, are used to derive Va(f q) .
0*U,n

(2) — an wm a1J > anng

= (‘IJO\V(Z)|‘I’0> — (ther, (0) 102 [thes y (0))
= alg <1/)€1g 9)|valg|w€1J(9 > (6)

where w is the vibrational frequency of the neutral molecule.
The procedure for the ez; normal modes is more complicated because of the quadratic JT effect. First, the second
order vibronic coupling constants of the ez, normal modes can be symmetrized by considering the symmetric product,

By @ Eag = A1g @ Eag. (7)

The second order vibronic coupling terms for the ey, normal modes can then be grouped into symmetrized combina-
tions as

Ve
(2) a] g 2
Z Z V62g(9)629(6)Q929(0)Q62y(5) - ' (f( e24(0) +Qezg(€)))

e24(0) e24(e)

(2

V. 1
e2g(0) 2 2
+ 27(%( eag(0) — 629(6)))
(2)

1%
(€)
- QTQ(\@Q%(&)Q%(E)) (8)
The prime symbol is used here to distinguish between the a;, component of the second order coupling in the ey

normal modes and the second order coupling for the a;, modes. Including the linear vibronic coupling term, the
Hamiltonian for the distortion along a es4(6#) normal mode is then

vy ye
(1) e2q(0)
Hyip (Qesy(0) = HO + V. ) Qey0) + —* V2 ezgw)*zT\ﬁ e, 0) ©)

The matrix representation in the degenerate electronic states of the benzene cation is

Vesy(0) = Vi oy + Vo, + VD)

e2g(0) e2q(0)
V<2)Q v o2
(1) e24(0) C,g(@)Qezg(g)
_ Vezg(0)Q62g(9) 0 + z\f 0 + : 2v2 0 (10)
0 ‘/629(9)62@29(9) 0 ﬂ 0 e2g(9) "29(9)

2v/2 2v/2
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Diagonalising Equation , the expression for the PES along a ey, normal mode is

(2)
al Q62g(9) 62g 0)Q629(0
2v/2 2V/2

Hence, the difference between the linear and quadratic vibronic coupling models is the additional :I:Ve(fg)(g)Q;g ) / 2V2

EL (Qeay0)) = £V ) Qeayo) + (11)

term. This term gives rise to the quadratic JT effect, and is used to explain the difference in the energies of the
respective JT distorted geometries, as well as the pseudorotation barrier.

Next, the second order terms, V(2) and V(2) (0 will be derived in terms of orbital vibronic coupling constants. As

(2 )

was done for the linear vibronic couphng model, the V_’ ) term can be reduced to a single orbital vibronic coupling

constant,

2)
‘/e(gq(ﬁ) <welg(e)| e2g|welg(e)> (12)

However, unlike the linear term, the second order term is not equal to the second derivative of the orbital energies
because of the Va(f g) term:

a €eq (€) R
e <¢e19(5)|v |1/Jelg(e)> + <¢e19(5)\v£2|¢e1g(e)> (13)

e24(0)

By the Wigner-Eckart theorem, the second derivative of the other orbital in the degenerate pair can be written as

8268 q(0) ~
gy = e Dy, e, ) + (ery )05 Vs, )
Ezq
<7/}elg 6)|U W)elg e)> <welg(e)|’[)gg|¢elg(e)> (14)
Combining Equations and 7 (0) becomes:
. (82€e1g(e> B 8%%(9)) (15)
e2q(0) 2 2
w02\ 0@, 997,
and we also get
Deer 0 0%eey,0)
(e, @05 [t 0)) = w0 | (16)
1 aig 1 aQEQ (0 8Q52g(9)

Similar to the procedure for the a;4, normal modes, the second order Va(/g) terms for the epq modes will be derived
1g
using the vibrational frequencies of the neutral molecule.

2
@) _ Z 2) 9"Unn
V Nm, 7/1m ‘U |wm> aQezg

= (‘I’O\Ve(fg)|‘1’0> - Welg(e)\@a/lgwelg(e))
~(2
= w2, — (er, )05 [er,0))

:w2 71 8252619(5) +32€;1g(9) (17)
T2\, 9,0

Lastly, the vibrational frequencies for the es, normal modes (w’) in the two degenerate electronic states of the
benzene cation can be calculated as

o2 1 oe Lo
B 0) st = (V) + V)
0%
2 519(9)
10} (18a)
002, )



[Eg(e)) : we,,

p2_ Lo e )
V2 (Vaig V€2g(9)
L 325;19@
€2g
. aQe%(e)
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(18b)

The raw computational results is given in Table [S15 below. Only the evGW results are given for brevity. A
comparison of the vibrational frequencies of neutral benzene and the radical cation/anion calculated using Equations

(18a]) and (|18b)) is given in Table

TABLE S15. Second order derivatives of the evGW quasiparticle energies (€7, ) and &, ()

evGWQ
Mode BLYP B3LYP CAM-B3LYP tCAM-B3LYP IP-tCAM-B3LYP
Viai, €19(0) -9.36E-08 -5.77E-07 -4.37E-07 -4.44E-07 -3.15E-07
(0 -1.44E-07 -5.40E-07 -4.51E-07 -4.87E-07 -2.92E-07
€0y (0) 8.76E-07 2.36E-07 7.48E-07 6.90E-07 6.62E-07
€00 (0) 9.73E-07 2.46E-07 6.80E-07 6.44E-07 7.17E-07
Vaa,, €19(0) -2.07E-06 -2.22E-06 -1.95E-06 -2.35E-06 -2.24F-06
100 -2.01E-06 -2.23E-06 -2.00E-06 -2.35E-06 -2.24E-06
€0y (8) -1.73E-06 -2.05E-06 -1.82E-06 -2.10E-06 -4.09E-07
€0 (o) -1.82E-06 -2.08E-06 -1.91E-06 -2.10E-06 -2.21E-07
Vieo, (0) €0,,(0) 1.20E-07 5.64E-07 8.39E-07 8.81E-07 4.24E-07
€01,(0 -3.56E-07 -1.24E-07 2.94E-07 4.46E-07 -6.09E-08
€0y (0) -2.03E-07 2.35E-07 3.67E-07 2.82E-07 -2.44F-08
€0y (e) -2.03E-06 -1.69E-06 -1.39E-06 -1.51E-06 -1.91E-06
Vaesy (0) €21,(6) -1.37E-06 -1.75E-06 -1.39E-06 -7.82E-07 -1.60E-06
() -1.53E-06 -2.01E-06 -1.68E-06 -1.27E-06 -1.85E-06
€0y (0) -5.59E-07 -5.33E-07 -3.86E-07 -4.65E-07 -6.46E-07
€ (O) -1.93E-06 -1.79E-06 -1.67E-06 -1.57E-06 -1.87E-06
Veny (0) €01,(6) -4.80E-07 -9.22E-07 -1.26E-07 -1.93E-07 -7.20E-07
100 -3.16E-06 -3.36E-06 -3.04E-06 -2.96E-06 -3.31E-06
€0y (0) 1.84E-06 2.17E-06 2.22E-06 1.92E-06 1.95E-06
€ (o) -1.86E-06 -1.53E-06 -1.20E-06 -1.42E-06 -1.64E-06
Vieo, (0) €0,,(0) -4.08E-06 -3.95E-06 -3.19E-06 -3.80E-06 -3.61E-06
€1y(0) -4.00E-06 -4.38E-06 -3.52E-06 -3.71E-06 -3.87E-06
€0y (0) -3.97E-06 -3.90E-06 -3.32E-06 -3.71E-06 -3.55E-06
€ty () -4.73E-06 -4.57E-06 -4.00E-06 -4.33E-06 -4.23E-06

Lastly, the two minimal energy points on the PES for the benzene cation and anion can be obtained using Equation

(11), and are given as:

@ _
s P +v®

+

(1)
(V329(9))2

allg e2q(0)

(19)

where the factor of 1/ V2 is absorbed into the second order V; terms in the fitting process. The JT stabilisation
energies is given in Table and it can be seen that the energy difference between the two minimum points is small.
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TABLE S16. Effect of extending the linear vibronic coupling model to include second order terms on the calculated vibrational
frequencies of the benzene cation and anion.. All values are in cm™?.

evGW@Q
Mode BLYP B3LYP CAM-B3LYP tCAM-B3LYP IP-tCAM-B3LYP
Wiay, Neutral 1010 1015 1021 1014 1019
|E14(6)) 1014 1029 1031 1025 1027
|E14(€)) 1013 1028 1031 1026 1026
|E2.,(0)) 987 1009 1005 999 1002
| B2y (€)) 989 1009 1003 998 1004
Waay, Neutral 3208 3195 3246 3229 3250
|E14(6)) 3223 3217 3261 3247 3267
|E14(€)) 3223 3213 3261 3247 3267
|E2.,(0)) 3222 3212 3260 3245 3252
| B2y (€)) 3221 3211 3260 3245 3253
Wieo (0 Neutral 614 624 633 617 624
2¢(0)
|E14(6)) 628 629 621 600 626
|E1g(€)) 609 602 600 582 607
|E2..(6)) 622 615 618 606 625
| B2y (€)) 689 686 683 674 694
Waeo (0 Neutral 1178 1200 1209 1180 1187
2¢(0)
|E14(6)) 1209 1240 1242 1206 1224
|E1g(€)) 1205 1235 1237 1196 1219
|E2..(6)) 1216 1235 1242 1212 1224
| B2y (€)) 1189 1211 1217 1189 1200
W3eo (0 Neutral 1614 1637 1659 1631 1651
2¢(0)
|E14(6)) 1661 1686 1703 1674 1698
|E1g(€)) 1621 1651 1661 1634 1661
|E2..(6)) 1642 1659 1677 1652 1675
| B2y (€)) 1587 1605 1627 1602 1622
Wien (0 Neutral 3204 3170 3242 3227 3247
24(0)
|E14(6)) 3235 3200 3266 3255 3274

|E1g(e)) 3234 3203 3268 3254 3275
| B2 (6)) 3240 3205 3272 3259 3278
| Eau(€)) 3234 3200 3267 3254 3273




TABLE S17.

values are in cm™ .

516

Effect of extending the linear vibronic coupling model to include second order terms on the JT stabilisation
energies of the benzene cation and anion (QJT). The DFT frequencies of neutral benzene were used in the calculation. All

1

evGW@
Mode BLYP B3LYP CAM-B3LYP tCAM-B3LYP IP-tCAM-B3LYP
Eiq,, Linear JT 251 230 224 235 228
|E14(0)) (QIT) 249 224 220 231 225
|E1g(€)) (QJT) 250 224 220 230 225
Linear JT 584 605 604 596 600
|B2.(0)) (QJT) 609 612 626 616 619
|E2u(€)) (QIT) 612 613 624 615 621
E3q,, Linear JT 7 7 5 5 4
|E14(0)) (QJT) 7 7 5 5 4
|E1g(€)) (QIT) 7 7 5 5 4
Linear JT 1 1 0 0 1
|B2.(0)) (QJT) 1 1 0 0 1
|E2u(€)) (QIT) 1 1 0 0 1
Ele,,(6) Linear JT 322 316 317 323 324
|E14(0)) (QJT) 327 340 346 365 342
|E1g(€)) (QIT) 308 311 323 343 322
Linear JT 46 44 43 45 44
|E2.(0)) (QJT) 44 46 47 47 44
|E2u(€)) (QIT) 36 37 38 38 35
Ejc,,(6) Linear JT 192 180 174 189 186
|E14(0)) (QJT) 182 171 168 182 173
|E1g(e€)) (QIT) 181 170 167 179 171
Linear JT 254 250 245 255 249
|E2.(0)) (QJT) 242 231 229 241 240
|E2u(€)) (QIT) 253 241 239 250 250
E3cy, (6) Linear JT 582 558 543 565 545
|E1q(0)) (QJT) 578 553 540 560 535
|E1g(e€)) (QIT) 551 530 513 533 512
Linear JT 725 707 676 699 676
|E2.(0)) (QJT) 695 677 660 630 656
|E2u(€)) (QIT) 744 723 701 723 699
Ejc (6) Linear JT 0 0 0 0 0
|E14(0)) (QJT) 0 0 0 0 0
|E1g(€)) (QIT) 0 0 0 0 0
Linear JT 9 8 8 8 8
|E2.(0)) (QJT) 8 8 8 8 8
|E2u(€)) (QIT) 8 8 8 8 8
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S7. PLOT OF ORBITAL AND QUASIPARTICLE ENERGIES

BLYP HOMO results
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FIG. S2. DFT (BLYP) Kohn-Sham orbital and GW quasiparticle energies for the degenerate HOMOs of neutral benzene
with respect to a distortion along the a1y and e2y normal modes. The energies were vertically shifted to set the energies at Ro
to be zero.
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DFT (B3LYP) Kohn-Sham orbital and GW quasiparticle energies for the degenerate HOMOs of neutral benzene

with respect to a distortion along the a14 and ezy normal modes. The energies were vertically shifted to set the energies at Ro

to be zero.
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CAM-B3LYP HOMO results
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FIG. S4. DFT (CAM-B3LYP) Kohn-Sham orbital and GW quasiparticle energies for the degenerate HOMOs of neutral
benzene with respect to a distortion along the a1y and ezg normal modes. The energies were vertically shifted to set the
energies at Ry to be zero.
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FIG. S5. DFT (CAM-B3LYP) Kohn-Sham orbital and GW quasiparticle energies for the degenerate HOMOs of neutral
benzene with respect to a distortion along the a1y and ezy normal modes. The energies were vertically shifted to set the

energies at Ry to be zero.
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FIG. S6. DFT (CAM-B3LYP) Kohn-Sham orbital and GW quasiparticle energies for the degenerate HOMOs of neutral
benzene with respect to a distortion along the a1y and ezg normal modes. The energies were vertically shifted to set the
energies at Ry to be zero.
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FIG. S7. gsGW quasiparticle energies for the degenerate HOMOs of neutral benzene with respect to a distortion along the

a1g and egg normal modes. The energies were vertically shifted to set the energies at Ry to be zero.
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FIG. S8. DFT (BLYP) Kohn-Sham orbital and GW quasiparticle energies for the degenerate LUMOs of neutral benzene with
respect to a distortion along the a14 and ezg normal modes. The energies were vertically shifted to set the energies at R to be

Zero.
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DFT (B3LYP) Kohn-Sham orbital and GW quasiparticle energies for the degenerate LUMOs of neutral benzene
with respect to a distortion along the a1y and e2y normal modes. The energies were vertically shifted to set the energies at Ro
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FIG. S10. DFT (CAM-B3LYP) Kohn-Sham orbital and GW quasiparticle energies for the degenerate LUMOs of neutral
benzene with respect to a distortion along the a1y and ezy normal modes. The energies were vertically shifted to set the
energies at Ry to be zero.
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DFT (CAM-B3LYP) Kohn-Sham orbital and GW quasiparticle energies for the degenerate LUMOs of neutral

benzene with respect to a distortion along the a1y and ezg normal modes. The energies were vertically shifted to set the

energies at Ry to be zero.
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FIG. S12. DFT (CAM-B3LYP) Kohn-Sham orbital and GW quasiparticle energies for the degenerate LUMOs of neutral
benzene with respect to a distortion along the a1y and ezy normal modes. The energies were vertically shifted to set the
energies at Ry to be zero.
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FIG. S13. gqsGW quasiparticle energies for the degenerate LUMOs of neutral benzene with respect to a distortion along the

a1g and epy normal modes. The energies were vertically shifted to set the energies at Ro to be zero.
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