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S1 Iterative propagation of internal coordinates

The iterative protocols introduced in ref. [1] to remove a set of internal coordinates from

the harmonic space can be schematiced with the following figure.
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Initialization

Input metric tensors: (G−1)(0), G(0)

Define set of coordinates to remove: {s(0)
n }n=1,Nr

Generate projector of k-th coordinate
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s

(k−1)
k

(
s

(k−1)
k

)t
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Apply k-th projection

Hessian: H(k) =
(
P(k)

)t
H(k−1)P(k)

Covariant metric tensor: (G−1)(k) =
(
P(k)

)t
(G−1)(k−1)P(k)

Contravariant metric tensor: G(k) = P(k)G(k−1)
(
P(k)

)t
Coordinates to remove: s

(k)
n = P(k)s

(k−1)
n (n = k + 1, Nr)

k = 1

k = k + 1

k ≤ Nr

Figure S1: Diagram with the steps to iteratively project out a set of internal coordinates

from the Hessian.
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S2 Supported properties

As described in Section 2.2 of the manuscript, the code implements a wide range of

spectroscopies and non-radiative rates. In that section, the relevant equations for OPA,

EMI, ECD and CPL are shown. The expressions implemeted in the code for the rest of

spectroscopies are shown below.

S2.1 Magnetic circular dichroism

Vibrationally resolved magnetic circular dichroism due to the Faraday B term can be

computed exploiting the same expressions described in the previous section for one-

photon spectroscopies[2]. In a TI formalism, the anisotropy of the molar absorptivity for

a sample subject to an external magnetic field Bext is

∆ε(ω)

Bext
= CωL(ω) (S1)

where the lineshape in this case is given by,

L(ω) =
∑
vg
i

∑
vf
f

ρvi(T )B(ivi, fvf )δ(ωf − ωi + (∆E/~− ω)) (S2)

The Faraday B term B(ivi, fvif) is written as a sum over the vibronic states be-

longing to excited states different from the initial one. Assuming that the electronic

transition frequencies are much larger than vibrational frequencies, an approximated

expression, suitable to be adopted in vibronic computations, is obtained[2]:

B(ivi, fvf ) = εαβγIm[〈vi|µifα |vf 〉〈vf |T
fg
βγ |vi〉] (S3)

where εαβγ is the Levi-Civita symbol, and a summation is implicitly involved (Einstein’s

notation). The tensor T has elements,

T fgβγ =
∑
k 6=g

〈i|µβ|k〉〈k|mγ |f〉
ωk − ωg

+
∑
k 6=f

〈i|mγ |k〉〈k|µβ|f〉
ωk − ωf

(S4)

HT expressions can be obtained by expanding linearly both the Cartesian components

of electric transition dipole µifα and of the tensor T fgβγ . The formal similarity between
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MCD and ECD expressions allows to implement MCD computations in FCclasses3 ex-

actly as for ECD, by simply substituting the values of the magnetic transition dipoles

by combinations of the elements of the tensor T fg (and the corresponding derivatives for

HT calculations). Further details are given in ref. [2].

S2.2 Two-photon absorption and circular dichroism

The TPA/TPCD intensity and the lineshapes are connected by the following relation,

S(ω) = Cω2L(ω) (S5)

where the expression of the constant C to obtain the spectra in Göppert-Mayer (GM)

unit can be found in the literature[3]. The lineshape in the TI formulation leads to the

following sum-over-states expression (see ref. [3] and references therein):

L(ω) =
∑
vi

∑
vf

ρvi(T )Divi,fvf δ(ωf − ωi + (∆E/~− 2ω)) (S6)

where the key quantity is Divi,fvf and we make explicit the dependence on both the

initial i and final f electronic states.

Both in TPA and TPCD, D depends on the frequency which is approximated to its

value at the vertical transition ω0. In particular in TPA, Divi,fvf = δ
ivi,fvf

TPA (ω0) and,

δ
ivi,fvf

TPA (ω0) =
∑
α,β

(F ×Sivi,fvf
αα S

∗,ivi,fvf

ββ +G×Sivi,fvf

αβ S
∗,ivi,fvf

αβ +H ×Sivi,fvf

αβ S
∗,ivi,fvf

βα )

(S7)

where summation runs over the Cartesian components. In the limit in which the elec-

tronic transition frequency is much larger than the vibrational ones,[4] the two-photon

transition matrix element Sivi,fvf

αβ is approximated as 〈vi|Si,fαβ(ω0)|vf 〉, where

Si,fαβ =
1

~
∑
k

〈i|µα|k〉〈k|µβ|f〉+ 〈i|µβ|k〉〈k|µα|f〉
ωk − ω0

(S8)

In a HT calculation Si,fαβ is expanded linearly in the normal coordinates of the initial

state. The constants F , G and H are 2,2,2 for linearly polarized beams and -2,3,3 for
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circularly polarized beams. Further details can be found in ref. [3].

For TPCD in Eq S6Divi,fvf is replaced by the two-photon rotatory strengthRivi,fvf

TPCD (ω),

R
ivi,fvf

TPCD (ω) = −b1B1(ω)− b2B2(ω)− b3B3(ω) (S9)

where the constants get the values b1 = 6 and b2 = −b3 = 2 and we define,

B1(ω) =
1

ω3

∑
αβ

M
p,ivi,fvf

αβ P p,ivi,fvf ,∗ (S10)

B2(ω) =
1

2ω3

∑
αβ

T
+,ivi,fvf

αβ P
p,ivi,fvf ,∗
αβ (S11)

B3(ω) =
1

ω3

∑
αβ

M
p,ivi,fvf
αα P

p,ivi,fvf ,∗
ββ (S12)

The three tensors M , T+ and P are described in ref. [3]. Approximations analo-

gous to those employed for TPA lead to convenient expressions for vibronic calculations

valid when electronic transition frequencies are much larger than vibrational ones. For

instance, for the matrix elements of tensor P , we have P p,ivi,fvf ,∗
αβ ≈ 〈vi|P i,fαβ (ω0)|vf 〉 and

P i,fαβ (ω0) =
∑
k

〈i|µpα|k〉〈k|µpβ|f〉+ 〈i|µpβ|k〉〈k|µ
p
α|f〉

ωk − ω0
(S13)

where µpα is the α Cartesian component of the dipole velocity operator. Also for TPCD,

an HT approximation is possible by expanding linearly P i,fαβ (ω0) as a function of the

normal coordinates.

An analytical correlation function for this property within a TD formulation can also

be derived[5, 6]. In section S3.1, we present the derivation carried out for this work in

our group, and implemented in the FCclasses3 . The analytical correlation functions for

TPA and TPCD takes a form very similar to those already derived for OPA, and also in

these cases they have been implemented including the FC and HT terms.

S2.3 Vibrational Resonance Raman

In vibrational RR spectroscopy, we consider vibrational transitions from the ground (g)

vibrational state of the ground electronic state |0g〉, to another vibrational state of the
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same electronic state |vgf 〉. The transition polarizability tensor due to monochromatic

incident radiation with angular frequency ωI is

αf0
ρσ =

1

~
∑
k,vk

m

〈vgf |µ
gk
ρ |vkm〉〈vkm|µ

kg
σ |0g〉

ωkm,g0 − ωI − iγk
(S14)

where the sum is extended in principle to all excited electronic states k and their corre-

sponding vibrational states |vkm〉, but in practice, it is computed for a particular resonance

state. This expression can be formulated in the time-domain exploiting resorting to the

relation 1/x = i/~
∫∞

0 dte−ixt/~, leading to[7],

αf0
ρσ =

i

~2

∫ ∞
0

dte+itωIe−it∆E/~e−γkt〈vgf |µ
gk
ρ e
−iĤmt/~µkgσ e

+iĤgt/~|0g〉 (S15)

where Ĥm and Ĥg are the vibrational Hamiltonians for the intermediate and ground

states, respectively. The matrix element in bra-ket notation within the time integral can

be identified with a correlation function, whose Fourier transform provides the elements

of the polarizability tensor. The Cartesian components of the electric transition dipole

µgkρ can be expressed as a linear function of the normal coordinates. In that case the

polarizability tensor is split in 4 terms "FC-FC", "FC-HT", "HT-FC" and "HT-HT"

respectively, which can be evaluated with TI [8] and TD [9, 7, 10] formulations. In the

code, we have implemented our own derivation of the TD expression up to overtones

and combination bands, which is shown in section S3.2. FCclasses3 computes the RR

signal as a two-dimensional spectrum as a function of the incident ωI and scattered ωS
frequencies. The intensity is computed as σ′(ωI , ωS), the differential cross-section with

respect to the scattering solid angle, for a scattered light with any polarization with

respect to the scattering plane, collected at 90 degrees with respect to the direction of

propagation of the incident light (with perpendicular polarization).[8]

σ′(ωI , ωS) = Cω4
S

45a2 + 7g2 + 5d2

45
(S16)

where the rotational invariants a, g and d are respectively the so-called mean polar-

izability, symmetric anisotropy and antisymmetric anisotropy and are obtained by the

polarizability tensors. The expressions for a, g and d and for the constant C can be found

in ref. [8]. If N quasi-resonant electronic excited states exist, they all contribute similarly
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to the polarizability tensors and interferential effects can emerge in the intensities. They

can be described with FCclasses3 adopting a multiple-steps calculation [11]

S2.4 Internal conversion and other non-radiative rates

The non-radiative rate constant is given, following the Fermi golden rule, by:

knr =
2π

~
∑
vi

∑
vf

ρvi(T )|〈vi|H ′if |vf 〉|2δ(~ωf − ~ωi + ∆E) (S17)

where H ′if represents the (small) coupling term that gives rise to the transition between

isoenergetic vibrational levels from the initial and final electronic states and, in general,

may depend on the nuclear coordinates. The Dirac delta ensures energy conservation

considering that ∆E is the adiabatic energy difference between the minima of the initial

and final PES, and ~ωi and ~ωf are, respectively, the energy of the vibrational states in

the initial and final electric states. In practice, the Dirac delta is replaced by a broadening

function, g(ω), which can be either a Gaussian or a Lorentzian (or a combination as in

the case Voigt profile). ρvi(T ) is the thermal population of the vibrational states in the

initial electronic state.

For scalar couplings (intersystem crossings, charge-transfer or exciton transitions),

the above expression is similar to that of one-photon lineshapes (Eq. 8 in the main

text), setting ω = 0. Therefore, the evaluation of the rate can be carried out with

the same TD and TI techniques already implemented for one-photon spectroscopies.

Applications of this approach have been published for Charge Transfer rates[12] and

intersystem crossings[13].

In the case of internal conversion triggered by non-adiabatic derivative couplings

between the initial and final adiabatic states, H ′if takes the form,

H ′if = −~2
Nvib∑
k=1

Λifk
∂

∂Qk
. (S18)

where Λifk are the elements of the non-adiabatic coupling vector among electronic states,

which can be evaluated with electronic structure methods. Although they may gener-

ally depend on nuclear coordinates, we adopt the FC approximation and take them as

constant. The TI formulation for the IC rate can then be expressed as,
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kIC = 2π~3
∑
vi

∑
vf

ρvi(T )|〈vi|Λif∇Q|vf 〉|2δ(~ωf − ~ωi + ∆E) (S19)

Despite the FC approximation being adopted, the derivative nature of the operator

prevents the direct reduction the problem to a simple computation of FC factors, as done

above. In the harmonic approximation, the derivative operator can be evaluated adopting

second quantization, introducing the momentum operator P̂k = −i~ ∂
∂Qk

. This leads to a

problem very similar to that of HT terms for OPA/EMI, which can be solved following

similar protocols to evaluate the sum-over-states efficiently (e.g., using the FCclasses

algorithm).

In a TD formulations, the IC rate is expressed similarly to the OPA/EMI lineshape

(Eq. 9 in the main text), in terms of a correlation function,

kIC = ~2

∫
dt e−it(∆E/~)χIC(t, T )g′(t) (S20)

where g′(t) is a damping function and χIC is a correlation function that reads,

χ(t, T ) = Z−1
vibTr

[
Λif∇Qe

−iĤf τf Λif∇Qe
−iĤiτi

]
(S21)

where τf = t/~ and τi = −iβ − t/~, and Ĥi and Ĥf are the vibrational (harmonic)

Hamiltonians for the initial and final states. The above correlation function can be

evaluated analytically as shown in refs. [14, 15, 16]. The calculation eventually provides

a spectrum-like object, with the values of kIC as function of the energy difference between

the initial and final PES minima. The searched value kIC must be taken at the specific

∆E value but evaluation of the full profile can be interesting to check the quality of

the results.[17] Since in many cases ∆E is large (especially when the final state of the

transition is the ground-electronic state), the actual value of the rate is actually taken

in the very tail of the kIC . This is the part where TI calculation usually suffers from

convergence problems, limiting its applicability for already moderate ∆E values (> 1.5-

2 eV), making TD formulation the method of choice for these type of calculations[17].

In any case, for large ∆E caution is still needed even in the TD implementation when

using a Lorentzian broadening, since, due to its slow-decaying tail, it can dominate the

estimate of the rate, making it unreliable. It should be further warned that for large
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∆E the reliability of harmonic approximation can be questioned. A detailed discussion

of these issues can be found in ref. [17].

S3 Other implementation details

S3.1 Correlation function for two-photon absorption

To get a working expression we need first to plug the expression for δTPA (19) into

that of the two-photon lineshape (18), approximating Sivi,fvf

αβ by 〈vi|Si,fαβ(ω0)|vf 〉. We

then transform the Dirac delta (or the convenient broadening function) with the Fourier

Transform, i.e., δ(ωf − ωi + ∆E/~ − 2ω) = 1/2π
∫
dte−it(ωf−ωi+∆E/~−2ω) and consider

that ρi = Z−1
vibe

−β~ωi to yield (note we drop the explicit mention to ω0 dependency),

L(ω) =
1

Zvib2π

∫ ∞
−∞

dt
∑
vi

∑
vf

e−β~ωie−itωf e+itωie−it(∆E/~−2ω)

{∑
α,β F 〈vi|S

i,f
αα|vf 〉〈vf |Si,fββ |vi〉+G〈vi|Si,fαβ |vf 〉〈vf |S

i,f
αβ |vi〉+H〈vi|Si,fαβ |vf 〉〈vf |S

i,f
βα|vi〉

}
(S22)

We now introduce τf = t/~ and τi = −iβ − t/~ and reorganize the exponentials,

L(ω) =
1

Zvib2π

∫ ∞
−∞

dte−it(∆E/~−2ω)×{∑
α,β F

∑
vi

∑
vf
〈vi|Si,fααe−i~ωf τf |vf 〉〈vf |Si,fββe

−i~ωiτi |vi〉+

G
∑

vi

∑
vf
〈vi|Si,fαβe

−i~ωf τf |vf 〉〈vf |Si,fαβe
−i~ωiτi |vi〉+

H
∑

vi

∑
vf
〈vi|Si,fαβe

−i~ωf τf |vf 〉〈vf |Si,fβαe
−i~ωiτi |vi〉

} (S23)

The term in curly braces correspond to the correlation function whose Fourier Trans-

form would lead to the lineshape, χTPA(t, T ). Further recognizing that ~ωi and ~ωf
are the eigenvalues of the nuclear Hamiltonian operators for the initial and final states,

and exploiting the closure relation for the final state,
∑

vf
|vf 〉〈vf | = 1, the correlation

function can be expressed as,
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χTPA(t, T ) =
∑

α,β F
∑

vi
〈vi|Si,fααe−i~ωf τfSi,fββe

−i~ωiτi |vi〉+
G
∑

vi
〈vi|Si,fαβe

−i~ωf τfSi,fαβe
−i~ωiτi |vi〉+

H
∑

vi
〈vi|Si,fαβe

−i~ωf τfSi,fβαe
−i~ωiτi |vi〉

(S24)

We now adopt FC and HT terms to describe the dependency of electronic tensor

elements in terms of nuclear coordinates,

Si,fαβ(Q) = Si,fαβ(Q0) +

Nvib∑
k=1

∂Si,fαβ(Q)

∂Qk
Qk ≡ S

i,f,(0)
αβ +

Nvib∑
k=1

S
i,f,(1)
αβ,k Qk (S25)

where we introduce a simplified nomenclature for the value of the element at the reference

geometry (Si,f,(0)
αβ ) and its first derivative with respect to k-th coordinate (Si,f,(1)

αβ,k ). Nvib

is the number of vibrational coordinates.

Substituting that expression in Eq. (S24) and rearranging we arrive to,

χTPA(t, T ) = χFC(t, T ) + χFC/HT (t, T ) + χHT/HT (t, T ) (S26)
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where each term is given by,

χFC(t, T ) =

∑
αβ

F · Si,f,(0)
αα S

i,f,(0)
ββ +G · Si,f,(0)

αβ S
i,f,(0)
αβ +H · Si,f,(0)

αβ S
i,f,(0)
βα


∫

Q
dQ〈Q|e−itHf/~e−(β−it)Hi/~|Q〉 (S27a)

χFC/HT (t, T ) =
∑
k

∑
αβ

F · Si,f,(1)
αα,k S

i,f,(0)
ββ +G · Si,f,(1)

αβ,k S
i,f,(0)
αβ +H · Si,f,(1)

αβ,k S
i,f,(0)
βα


∫

Q
dQ〈Q|Qke−itHf/~e−(β−it)Hi/~|Q〉+ (S27b)

∑
k

∑
αβ

F · Si,f,(0)
αα S

i,f,(1)
ββ,k +G · Si,f,(0)

αβ S
i,f,(1)
αβ,k +H · Si,f,(0)

αβ S
i,f,(1)
βα,k


∫

Q
dQ〈Q|e−itHf/~Qke

−(β−it)Hi/~|Q〉

χHT/HT (t, T ) =

∑
αβ

F · Si,f,(1)
αα,k S

i,f,(1)
ββ,l +G · Si,f,(1)

αβ,k S
i,f,(1)
αβ,l +H · Si,f,(1)

αβ,k S
i,f,(1)
βα,l


∫

Q
dQ〈Q|Qke−itHf/~Qle

−(β−it)Hi/~|Q〉 (S27c)

where k and l index in the sums run over the Nvib vibrational coordinates and we have

evaluated the trace over the coordinate space, instead of the vibrational wavefunction

space, i.e., Tr[Â] =
∑

vi
〈vi|Â|vi〉 =

∫
dQ〈Q|Â|Q〉 The analytical solution of the integrals

can be carried out[18, 14], to provide the following expression for the total correlation

function,

χtot(t, T ) = χFC(t, T )

(
S(0,0) +

∑
k

[
S(1,0)
k + S(0,1)

k

]
(DHT )k+

∑
k,l

S(1,1)
k,l (AHT )kl

 (S28)

where k and l indexes in the sums run over the Nvib vibrational coordinates and we have
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introduced the elements,

S(0,0) =
∑
αβ

F · Si,f,(0)
αα S

i,f,(0)
ββ +G · Si,f,(0)

αβ S
i,f,(0)
αβ +H · Si,f,(0)

αβ S
i,f,(0)
βα (S29a)

S(1,0)
k =

∑
αβ

F · Si,f,(1)
αα,k S

i,f,(0)
ββ +G · Si,f,(1)

αβ,k S
i,f,(0)
αβ +H · Si,f,(1)

αβ,k S
i,f,(0)
βα (S29b)

S(0,1)
k =

∑
αβ

F · Si,f,(0)
αα S

i,f,(1)
ββ,k +G · Si,f,(0)

αβ S
i,f,(1)
αβ,k +H · Si,f,(0)

αβ S
i,f,(1)
βα,k (S29c)

S(1,1)
k,l =

∑
αβ

F · Si,f,(1)
αα,k S

i,f,(1)
ββ,l +G · Si,f,(1)

αβ,k S
i,f,(1)
αβ,l +H · Si,f,(1)

αβ,k S
i,f,(1)
βα,l (S29d)

The FC correlation function, χFC(t, T ), is given by,

χFC(t, T ) =

√
det(af ) det(ai)

(i~)2N det(C) det(D)
× exp

[
−KTdiK + KTdiJD−1JTdiK

]
(S30)

The aα, aα, cα and dα (where α = i, f) diagonal matrices depend on the time, and

they are defined with elements,

(aα(τ))kk =
ωk

sin(~ωkτ)
(S31a)

(cα(τ))kk =
ωk

coth(i~ωkτ/2)
(S31b)

(dα(τ))kk =
ωk

tanh(i~ωkτ/2)
(S31c)

where α = i, f refers to the either initial (i) or final (f) states, ωk is the frequency of

each harmonic oscillator and the τ is defined as τi = −t − iβ and τf = t for the initial

and final states, respectively. From these ones, the following matrices, also depending on

time, are defined,

C(τi, τf ) = cf (τf ) + JTci(τi)J (S32a)

D(τi, τf ) = df (τf ) + JTdi(τi)J (S32b)

DHT = −D−1JTdiK (S32c)

AHT = DHTDT
HT +

1

2
(D−1 −C−1) (S32d)
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An analogous expression is derived for TPCD, by appropriately changing the defini-

tion of the S matrix elements as follows,

S(0,0)
TPCD =

−1

ω3

∑
αβ

b3 ·M i,f,(0)
αα P

i,f,(0)
ββ +

b2
2
· T+,i,f,(0)

αβ P
i,f,(0)
αβ + b1 ·M i,f,(0)

αβ P
i,f,(0)
βα

(S33a)

S(1,0)
TPCD;k =

−1

ω3

∑
αβ

b3 ·M i,f,(1)
αα,k P

i,f,(0)
ββ +

b2
2
· T+,i,f,(1)

αβ,k P
i,f,(0)
αβ + b1 ·M i,f,(1)

αβ,k P
i,f,(0)
βα

(S33b)

S(0,1)
TPCD;k =

−1

ω3

∑
αβ

b3 ·M i,f,(0)
αα P

i,f,(1)
ββ,k +

b2
2
· T+,i,f,(0)

αβ P
i,f,(1)
αβ,k + b1 ·M i,f,(0)

αβ P
i,f,(1)
βα,k

(S33c)

S(1,1)
TPCD;k,l =

−1

ω3

∑
αβ

b3 ·M i,f,(1)
αα,k P

i,f,(1)
ββ,l +

b2
2
· T+,i,f,(1)

αβ,k P
i,f,(1)
αβ,l + b1 ·M i,f,(1)

αβ,k P
i,f,(1)
βα,l

(S33d)

where the tensors M , T+ and P and the constants b1, b2 and b3, are those referenced in

the manuscript.

S3.2 Correlation function for Resonant Raman spectroscopy

The elements of the polarizability tensor at 0K can be computed from,

αf0
ρσ =

i

~2

∫ ∞
0

dte+itωIe−it∆E/~e−γktχ
vgf
ρσ(t, T ) (S34)

where the following correlation function for the (ρ, σ) element was introduced,

χ
|vg

f 〉
ρσ (t, T ) = 〈vgf |µ

gk
ρ e
−iĤmt/~µkgσ e

+iĤgt/~|0g〉 = eiE0t/~〈vgf |µ
gk
ρ e
−iĤmt/~µkgσ |0g〉 (S35)

where E0 = 1
2~
∑Nvib

i=1 ωi

If we now add two complete sets of normal mode coordinates in the initial and final

states,
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χ
|vg

f 〉
ρσ (t, T ) = eiE0t/~

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞

dQfdQ̄fdQidQ̄i

〈vgf |Qi〉〈Qi|µgkρ |Qf 〉〈Qf |e−iĤmt/~|Q̄f 〉〈Q̄f |µkgσ |Q̄i〉〈Q̄i|0g〉
(S36)

The elements µgkρ and µkgσ generally depend on nuclear coordinates, and they can be

expanded as Taylor series in terms of Qf

µgkρ (Q) = µgkρ (Q0) +

Nvib∑
k=1

∂µgkρ (Q)

∂Qf
Qf ≡ µgk,(0)

ρ +

Nvib∑
k=1

µ
gk,(1)
ρ,k Qf (S37)

where both the constant (FC) and linear (HT) terms are included, and a simplified

notation to represent the first derivatives is introduced. Using the Duschinsky relation

between the normal modes in the initial and final states, Qi = JQf + K, we can write:

〈Qi|µgkρ (Qf )|Qf 〉 = µgkρ (Qf )δ(Qi − JQf + K) (S38a)

〈Q̄f |µkgσ (Qf )|Q̄i〉 = µkgσ (Q̄f )δ(Q̄i − JQ̄f + K) (S38b)

The projection of the vibrational eigenstates in the coordinate space corresponds to

the vibrational wavefunctions. Focusing on the Rayleigh (|vgf 〉 = |0g〉) and fundamental

(|vgf 〉 = |0g + 1gk〉, with k = 1, Nvib), the relevant wavefunctions are,

〈0g + 1gk|Qi〉 =
√

2ΓikQik
det[Γi]

πN/4
e−

1
2
Qt

iΓiQi (S39a)

〈0g|Qi〉 =
det[Γi]

πN/4
e−

1
2
Qt

iΓiQi (S39b)

〈Q̄i|0g〉 =
det[Γi]

πN/4
e−

1
2
Q̄t

iΓiQ̄i (S39c)

where Γi is a diagonal matrix with elements Γi,kk = ωi,k/~.

Finally, we exploit the analytical expression for the off-diagonal matrix elements

evaluated within the Path Integral formulation by Feynman,

〈Qf |e−iĤf τ |Q̄f 〉 =

(
det[af (τ)]

(2πi~)N

)1/2

e
i
~ [ 12Qt

fbfQf+ 1
2
Q̄t

fbf Q̄f−Qt
faf Q̄f ] (S40)
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where a and b are diagonal matrices, with elements,

(af (τ))kk =
ωf,k

sin(~ωf,kτ)
(S41a)

(bf (τ))kk =
ωf,k

tan(~ωf,kτ)
(S41b)

Plugging the above expressions into Eq. S36, considering that eiE0t/~ = 1
det[e−i~Γi ]1/2

,

and after some manipulations (see Refs. [19]), the correlation function can be expressed

as,

χρσ =

(
det(af ) det(ai

′)

(i~)2N

)1/2

e
i
~KtEK

∫ ∞
−∞

∫ ∞
−∞

dQfdQ̄f

µgkρ (Qf )µgkσ (Q̄f )Fvgf
(Qf )

exp

[
i

~

(
1

2
Qt
fBQf +

1

2
Q̄t
fBQ̄f + KtEJ(Qf + Q̄f )−Qt

fAQ̄f

)] (S42)

where the factor Fvgf (Qf ) is 1 for the Rayleigh band and
√

2Γik(αQf + Kk) for funda-

mental bands. We have introduced α vector, with elements αl ≡ Jkl, and Jkl and Kk

represent elements of the Duschinsky matrix (J) and normal mode displacement vector

(K), respectively. Moreover, the following matrices are introduced,

a′i =
2i~Γi
e−2i~Γit

(S43a)

A = af (S43b)

B = bf − Jt(i~Γi)J (S43c)

E = i~Γi (S43d)

The above Gaussian integral can be solved[19] by first applying the change of variable,

Z =
1√
2

(Qf + Q̄f )U =
1√
2

(Qf − Q̄f ) (S44)

which decouples all coordinates in the integrand, followed by an additional change of
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variable to get Gaussian integrals in the standard form,

Z1 = D1/2Z +
√

2D−1/2JtdiK = D1/2Z +
√

2D−1/2λ (S45a)

U1 = C1/2U (S45b)

where we have introduced the diagonal matrix di with elements di,kk = ωg,k and the

matrices,

C = − i
~

(B + A) (S46a)

D = − i
~

(B−A) (S46b)

(S46c)

After such transformations [19], the integral is simplified to,

χρσ = χ0
1

(2π)N

∫ ∞
−∞

∫ ∞
−∞

dZ1dU1 exp

[
−1

2
Zt1Z1

]
exp

[
−1

2
Ut

1U1

]
µgkρ (Z1,U1)µgkσ (Z1,U1)Fvgf

(Z1,U1)

(S47)

where we have indicated that µgkρ , µgkσ and Fvgf are expressed in terms of the new variables,

Z1,U1, and we grouped the common integral prefactor in χ0, which reads,

χ0 =

√
det(af ) det(ai

′)

(i~)2N det(C) det(D)
× exp

[
−KTdiK + KTdiJD−1JTdiK

]
(S48)

The expressions for the transition dipoles in terms of the new coordinates, Z1, U1,

read,

µgkρ (Qf ) = µgk,0ρ + (µ(1)
ρ )tQf = µgk,0ρ +

√
2

2
(µ(1)

ρ )tD−1/2Z1 +

√
2

2
(µ(1)

ρ )tC−1/2U1 + (µ(1)
ρ )tDHT

(S49a)

µkgσ (Q̄f ) = µkg,0σ + (µ(1)
σ )tQ̄f = µkg,0σ +

√
2

2
(µ(1)

σ )tD−1/2Z1 −
√

2

2
(µ(1)

σ )tC−1/2U1 + (µ(1)
σ )tDHT

(S49b)
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where DHT = −D−1λ, with λ = KtdiJ. Multyplying both terms we arrive to the

general expression,

µgkρ µ
kg
σ = Y0 + YZZ1 + YUU1 + Zt1Y

ZZZ1 + Ut
1Y

UUU1 + Zt1Y
ZUU1 (S50)

with,

Y0 = µgk,0ρ µkg,0σ + (µgk,0ρ (µ(1)
σ )t + µkg,0σ (µ(1)

ρ )t)DHT + Tr[MρσDHTDt
HT ] (S51a)

YZ =

√
2

2

[
µgk,0ρ (µ(1)

σ )t + µkg,0σ (µ(1)
ρ )t + DHT (Mσρ + Mρσ)

]
D−1/2 (S51b)

YU =

√
2

2

[
µgk,0ρ (µ(1)

σ )t + µkg,0σ (µ(1)
ρ )t −DHT (Mσρ −Mρσ)

]
C−1/2 (S51c)

YZZ =
1

2
D−1/2MρσD

−1/2 (S51d)

YUU = −1

2
C−1/2MρσC

−1/2 (S51e)

YZU =
1

2
D−1/2(Mσρ −Mρσ)C−1/2 (S51f)

where we have introduced the matrix Mσρ with elements (Mσρ)ij = (µ
(1)
σ )i(µ

(1)
ρ )j .

Before integrating, we also need to specify the type of bands (Rayleigh or fundamen-

tals). Each type is revised in the following subsections.

S3.2.1 Rayleigh band

For the Rayleigh band, Fvgf = 1, and the correlation functions reads,

χ|0
g〉

ρσ = χ0
1

(2π)N

∫ ∞
−∞

∫ ∞
−∞

dZ1dU1 exp

[
−1

2
Zt1Z1

]
exp

[
−1

2
Ut

1U1

]
(
Y0 + YZZ1 + YUU1 + Zt1Y

ZZZ1 + Ut
1Y

UUU1 + Zt1Y
ZUU1

)

= χ0
1

(2π)N

∫ ∞
−∞

∫ ∞
−∞

dZ1dU1 exp

[
−1

2
Zt1Z1

]
exp

[
−1

2
Ut

1U1

]
(
Y0 + Zt1Y

ZZZ1 + Ut
1Y

UUU1

)
(S52)
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where we take into account that only integrals with even exponents on Z1,i and U1,i are

non-vanishing. Further using the expression for Gaussian integrals,

∫ ∞
−∞

dx ex
2/2 =

√
2π (S53a)∫ ∞

−∞
dx xnex

2/2 = (1 · 3 · · · (n− 1))
√

2π (n > 0 and even) (S53b)

the above integral can be fully evaluated leading to,

χ|0
g〉

ρσ (t, T ) = χ0

[
µgm,(0)
ρ µgm,(0)

σ + µgm,(0)
ρ

Nvib∑
i=1

µ
gm,(1)
σ,i (DHT )i+

µgm,(0)
σ

∑
i

µ
gm,(1)
ρ,i (DHT )i +

∑
i,j

µ
gm,(1)
ρ,i µ

gm,(1)
σ,j (AHT )ji

 (S54)

where the sums run over the Nvib normal mode coordinates and we introduce the AHT

matrix as,

AHT = DHTDt
HT +

1

2
(D−1 −C−1) (S55)

S3.2.2 Fundamental bands

In the case of the k-th fundamental,

Fvgf
(Qf ) =

√
2Γik(αQf +Kk) =

√
2Γik

(√
2

2
αtD−1/2Z1 +

√
2

2
αtC−1/2U1 + αtDHT +Kk

)
(S56)

and the correlation function reads,

χ|0
g+1k〉

ρσ =
√

2Γikχ0
1

(2π)N

∫ ∞
−∞

∫ ∞
−∞

dZ1dU1 exp

[
−1

2
Zt1Z1

]
exp

[
−1

2
Ut

1U1

]
(√

2

2
αtD−1/2Z1 +

√
2

2
αtC−1/2U1 + αtDHT +Kk

)
(
Y0 + YZZ1 + YUU1 + Zt1Y

ZZZ1 + Ut
1Y

UUU1 + Zt1Y
ZUU1

)
(S57)
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again, we take into account that only integrals with even exponents on Z1,i and U1,i are

non-vanishing. Further operating all the resulting Gaussian, we arrive to,

χ|0
g+1k〉

ρσ (t, T ) = χ0

√
2Γgk

[
µgm,(0)
ρ µgm,(0)

σ

(
Kk −

∑
i

Jki(DHT )i

)
+

µgm,(0)
ρ

Kk

∑
i

µ
gm,(1)
σ,i (DHT )i −

∑
i,j

Jkiµ
gm,(1)
σ,j

[
(DHT )i(DHT )j −

1

2
((D−1)ji − (C−1)ji)

]+

µgm,(0)
σ

Kk

∑
i

µ
gm,(1)
ρ,i (DHT )i −

∑
i,j

Jkiµ
gm,(1)
ρ,j

[
(DHT )i(DHT )j −

1

2
((D−1)ji + (C−1)ji)

]+

∑
ij

µ
gm,(1)
ρ,i µ

gm,(1)
σ,j

(
Kk(AHT )ji − (AHT )ji

∑
l

Jkl(DHT )l+

1

2
(DHT )j

∑
l

Jkl((D
−1)il + (C−1)il) +

1

2
(DHT )i

∑
l

Jkl((D
−1)jl − (C−1)jl)

)]
(S58)

S3.2.3 Overtones

We follow the same strategy to derive an analytical expression for overtones including

HT terms. In this case, the final vibrational state has two quanta over a given normal

mode, so that,

〈0g + 2gk|Qi〉 =
√

2Γik(Q
2
ik − 1/2Γik)

det[Γi]

πN/4
e−

1
2
Qt

iΓiQi (S59)

Therefore, the corresponding Fvgf factor is given by,

Fvgf
(Qf ) =

√
2Γik

[
(αQf +Kk)

2 − 1/2Γik
]

=
√

2Γik
[
X0 + XZZ1 + XUU1+

Zt1X
ZZZ1 + Ut

1X
UUU1 + Zt1X

ZUU1

] (S60)

were we introduce the X matrices to compactly write the expression, which are given by,

X0 = K2
k − 1/2Γik + 2KkαDHT + Tr[βDHTDt

HT ] (S61a)

XZ =
√

2(Kkα
t + Dt

HTβ)D−1/2 (S61b)

19



XU =
√

2(Kkα
t + Dt

HTβ)C−1/2 (S61c)

XZZ =
1

2
D−1/2βD−1/2 (S61d)

XUU =
1

2
C−1/2βC−1/2 (S61e)

XZU = D−1/2βC−1/2 (S61f)

Using both the auxiliary X and Y matrices (see Eqs. S51), the correlation function

can be compactly written as,

χ =
√

2Γikχ0
1

(2π)N

∫ ∞
−∞

∫ ∞
−∞

dZ1dU1 exp

[
−1

2
Zt1Z1

]
exp

[
−1

2
Ut

1U1

]{
X0Y0+

X0Zt1Y
ZZZ1 + X0Ut

1Y
UUU1 + Y0Zt1X

ZZZ1 + Y0Ut
1X

UUU1+

Zt1(XZ)tYZZ1 + Ut
1(XU )tYUU1+

Zt1X
ZZZ1Z

t
1Y

ZZZ1 + Ut
1X

UUU1U
t
1Y

UUU1+

Zt1X
ZZZ1U

t
1Y

UUU1 + Ut
1X

UUU1Z
t
1Y

ZZZ1 + Zt1X
ZUU1Z

t
1Y

ZUU1

}
(S62)

The above integral can be solved taking into account the basic rules of Gaussian integra-

tion (Eqs. S53), leading to,

χ =
√

2Γikχ0

{
X0Y0 + Tr

[
(XZ)tYZ

]
+ Tr

[
(XU )tYU

]
+ X0Tr

[
YZZ

]
+

X0Tr
[
YUU

]
+ Y0Tr

[
XZZ

]
+ Y0Tr

[
XUU

]
+ Tr

[
XZZ

]
Tr
[
YZZ

]
+ Tr

[
XZZ(YZZ)t

]
+

Tr
[
XZZYZZ

]
+ Tr

[
XUU

]
Tr
[
YUU

]
+ Tr

[
XUU (YUU )t

]
+ Tr

[
XUUYUU

]
+

Tr
[
XZZ

]
Tr
[
YUU

]
+ Tr

[
XUU

]
Tr
[
YZZ

]
+ Tr

[
XZU (YZU )t

]}
(S63)

Substituting the actual expressions for X and Y matrices, we arrive to the final ex-

pression corresponding to the correlation function for RR overtones (in matrix notation),
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χ|0
g+2k〉

ρσ =
√

2Γikχ0 {(
µ0
ρµ

0
σ + (µ0

ρµ
′
σ + µ′ρµ

0
σ)DHT + Tr[MρσAHT ]

) (
K2
k − 1/2Γik + 2Kkα

tDHT + Tr[βBHT ]
)

+

(Kk + αtDHT)
(
µ0
σTr[(D

−1 + C−1)αµ′ρ] + µ0
ρTr[(D

−1 −C−1)αµ′σ]+

Tr[(D−1 + C−1)αDHTMσρ] + Tr[(D−1 −C−1)αDHTMρσ]
)

+

1

2
Tr[(D−1 −C−1)β(D−1 + C−1)Mσρ]}

(S64)

where we introduced the matrix BHT = DHTDt
HT + 1

2(D−1 + C−1).

S3.2.4 Combination bands

In combination bands, the final vibrational state has one quanta over tow different normal

modes, so that,

〈0g + 1gk + 1gl |Qi〉 = 2
√

ΓikΓilQikQil
det[Γi]

πN/4
e−

1
2
Qt

iΓiQi (S65)

Therefore, the corresponding Fvgf factor is given by,

Fvgf
(Qf ) = 2

√
ΓikΓil(αkQf +Kk)(αlQf +Kl) =

2
√

ΓikΓil
[
X0 + XZZ1 + XUU1+

Zt1X
ZZZ1 + Ut

1X
UUU1 + Zt1X

ZUU1

] (S66)

were we differenciate the α vectors as the corresponding (k and l) rows of the Duschinsky

matrix. Similarly, we build different β matrices as βkl = αkα
t
l . The expressions for the

auxiliar X matrices now read,

X0 = KkKl + (Kkαl +Klαk)DHT + Tr[βklDHTDt
HT ] (S67a)

XZ =

√
2

2

[
(Kkα

t
l +Klα

t
k) + Dt

HT (βkl + βlk)
]
D−1/2 (S67b)

XU =

√
2

2

[
(Kkα

t
l +Klα

t
k) + Dt

HT (βkl + βlk)
]
C−1/2 (S67c)

XZZ =
1

2
D−1/2βklD

−1/2 (S67d)
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XUU =
1

2
C−1/2βklC

−1/2 (S67e)

XZU = D−1/2(βkl + βlk)C
−1/2 (S67f)

Again, we get to a similar general solution in terms of X and Y matrices, which

finally leads to the following expression (in matrix notation),

χ|0
g+1k+1l〉

ρσ = 2
√

ΓikΓilχ0 {(
µ0
ρµ

0
σ + (µ0

ρµ
′
σ + µ′ρµ

0
σ)DHT + Tr[MρσAHT ]

)
(KkKl + (Kkαl +Klαk)DHT + Tr[βklBHT ]) +

1

2
(Kk + αt

kDHT)
(
µ0
σTr[(D

−1 + C−1)αlµ
′
ρ] + µ0

ρTr[(D
−1 −C−1)αlµ

′
σ]+

Tr[(D−1 + C−1)αlDHTMσρ] + Tr[(D−1 −C−1)αlDHTMρσ]
)

+

1

2
(Kl + αt

lDHT)
(
µ0
σTr[(D

−1 + C−1)αkµ
′
ρ] + µ0

ρTr[(D
−1 −C−1)αkµ

′
σ]+

Tr[(D−1 + C−1)αkDHTMσρ] + Tr[(D−1 −C−1)αkDHTMρσ]
)

+

1

4
Tr[(D−1 −C−1)βkl(D

−1 + C−1)Mσρ] +
1

4
Tr[(D−1 + C−1)βkl(D

−1 −C−1)Mρσ]}
(S68)

The resulting expression for overtones and combination bands involve a considerable

increased computational cost, mainly at HT level. The modes involved can be selected

from input to limit the computational burden. By default, all overtones are computed,

while for combinations one could fist run a calculation with all fundamentals and account

for the combinations of only those modes with the more intense fundamentals. Other

approximative strategies to reduce the computational based on generalized thresholds to

identify zero elements in the Duschinsky and dipole derivatives vectors have also been

proposed[10]. In our implementaton, we compute all tensor elements simultaneously, and

avoid recomputing some arrays that have the same value among iterations. This requires

some extra memory, but significantly accelerates the calculations. This strategy can be

generalized to group different modes that are computed simultaneously.

S3.3 Broadening functions

In order to account for additional broadening effects, such as solvent inhomogeneous

broadening or natural broadening, the spectra can be convoluted with a convenient broad-

ening function (Gaussian, Lorentzian or a combination of them) that account for such
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effects. TD spectra achieve this by multiplying the correlation function by the corre-

sponding decay function, corresponding to the Fourier-transform of the related broaden-

ing function in the frequency domain. Other types of broadening, namely exponential

decays (right, R, or left, L) are also implemented within the reconvolute_TD tool. The

corresponding expressions in frequency and time domain for each type of broadening are

given below,

Broad. Freq. domain Time domain Rel. with HWHM

Gaussian
1

σ
√

2π
eω

2/2σ2 1√
2π
eσ

2t2/2 σ =
HWHM√

2 ln 2

Lorentzian
1

π

γ

ω2 + γ2

1√
2π
e−γ|t| γ = HWHM

Exp. decay (R) ae−aω; ω ≥ 0
1√
2π

1

a− it
a =

ln 2

2HWHM

Exp. decay (L) aeaω; ω ≤ 0
1√
2π

1

a+ it
a =

ln 2

2HWHM

As indicated above, both Gaussian and Lorentzian broadening are available in FCclasses3,
which lead to Gaussian and exponential decays in the time domain. Additionally, both

broadening can also be combined, which is sometimes referred to as a Voigt profile. In

TI, this implies the successive applications of each broadening function, while, by virtue

of the convolution theorem, it leads to simply multiplying the corresponding decays in

the time domain. In all cases, the extension of the broadening is controlled by the width

of the function, usually characterized by the Half Width at Half Maximum (HWHM).

S3.4 Discrete Fourier-transform of the correlation function

Although the analytical expression for the correlation function is known for different

spectroscopies, its Fourier-transform (FT) must be evaluated numerically. This first

requires substituting the infinite range for the integral by a finite range, −τ0 to τ0. Since

the correlation functions monotonically decay to zero for t→ ±∞, selecting a sufficiently

sizable finite range would suffice to get reliable results. In any case, to reduce numerical
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instabilities, we further applied a Hann window, which implies the multiplication of the

correlation function by cos2 (πt/2τ0).

Taking the OPA/EMI lineshape as an example (other properties will follow equiv-

alently), the lineshape, L(ω), is computed with the TD method according to Eq. (11)

in the manuscript. The numerical evaluation of the integral requires the discretization

of the time domain, i.e., tm = τ0 + m∆t (m = 0, . . . , N), where ∆t = 2τ0/N . More-

over, the function in the frequency domain also needs to be discretized, with ωk = k∆ω

(k = 0, . . .).

L(ωk) ≈
∫ τ0

−τ0
dte±iωt

[
e∓it∆E/~χ(t, T )g′(t)

]
︸ ︷︷ ︸

F (t)

= ∆t · e∓iωkτ0

N−1∑
m=0

F (tm)e±imk∆t∆ω

= ∆t · e∓iωkτ0

N−1∑
m=0

F (tm)e±i2πmk∆t∆ν = ∆t · e∓iωkτ0

N−1∑
m=0

F (tm)e±i2π
mk
N

(S69)

where we have set ∆ν so that ∆t∆ν = 1/N . For ± and ∓ symbols, upper one corresponds

to absorption and lower one to emission.

The last sum can be very efficiently evaluated with Fast Fourier Transform techniques

if the number of sampled points is a power of 2. The code can be compiled with the

FFTW3 library, which provides efficient implementations of both FFT and general dis-

crete FT. In any case, FT is not the bottleneck of the calculation, and it can also be

evaluated with a less efficient routine included with the code.

S3.5 Spectral grid for TI and TD methods

In order to generate equivalent spectral grids for TI and TD calculations, the program

always reads the limits of the output spectrum in the frequency domain, along with the

desired resolution, ∆ω. In the case of TD spectra, the spectral range and resolution are

controlled by ∆t and N , which are computed to match the spectral limits given in the

frequency domain. It should be noted that the frequency range resulting from the FT

begins at ω = 0. In order to obtain a spectrum starting from ω 6= 0, the correlation

function is multiplied by e−i∆εt/~ to achieve a shift of ∆ε in the frequency range, which
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is then restored on the final spectrum. The quality of the numerical integration can be

inspected a posteriori by ensuring that the spectrum goes to zero at both the red a blue

tails.
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S4 Additional computations on the selected applications

S4.1 Systematic spectroscopic analysis of a rigid system

S4.1.1 OPA and EMI of anthracene

✶�✁ ✷ ✷�✁ ✸ ✸�✁ ✹ ✹�✁

❊✂✄☎✆✝ ✞✄✟✠

✵

✶✵

✷✵

✸✵

✹✵

✁✵

✻✵

▲
✡☛
☞
✌
✍
✎
✏
☞
✑✎
✒✓
✒✔

Figure S2: Absorption and emission lineshapes for S0→S1 transition at 300K, simulated

with FC|AH model (with Cartesian coordinates). Electronic data evaluated at B3LYP/6-

31G(d) in the gas phase. A Lorentzian broadening with HWHM=0.02 eV was applied for

all spectra.

26



S4.1.2 RR spectra of anthracene

✹�✁ ✁ ✁�✁ ✻

❊✂✄☎✆✝ ✞✄✟✠

✵

✶

❘
✡
☛
☞
✌✍
✡
✎
✏
✑
✡

❙✒✓✔✕ ✖✗✘✙ ✚✛✘✙✜✢

✣✤✚ ✖✥✦✧✕✢

Figure S3: Absorption lineshape for S0→S5 transition simulated with HTi|VH model

with electonic data at B3LYP/6-31G(d) in the gas phase. The experimental spectrum

from ref. [20] is included for comparison.
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✵ ✺✵✵ ✶✵✵✵ ✶✺✵✵ ✷✵✵✵

❘�✁�✂ ✄☎✆✝✞ ✟✠✁
✲✡
✮

✵

✺☛☞✵✺

✶☛☞✵✌

✶✍✺☛☞✵✌

❞
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✴❞

Ω
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Figure S4: Resonce Raman spectra of anthracene with HTi|VH model including up to

overtones for each normal mode. The calculation is carried out both with TI and TD

methods with ωI ≈ 41130 cm−1.

Table S1: Description of the normal modes mainly involved in the RR spectrum of

anthracene. Indices correspond to those adopted in the main text.
Index Symm Desciption

5 B2g Ring-place torsion

8 Ag Accordion-like

10 B1g C-H out-of-plane bending

13 B2g C-H out-of-plane bending

42 Ag CH in-plane rocking with CC stretching

48 Ag CC stretching

51 Ag CH in-plane rocking with CC stretching

55 B3g CC stretching
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S4.2 OPA and EMI for flexible molecules

S4.2.1 Tuning imaginary frequency VH (EMI for p-Terphenyl)

✷ ✷�✁ ✷�✂ ✸�✷ ✸�✄ ✁

❊☎✆✝✞✟ ✠✆✡☛
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✷✵✵

✁✵✵
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✂✵✵

▲
☞✌
✍
✎
✏
✑
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✍
✓✑
✔✕
✔✖

ν
1
=ν

2
=✁✵✹✗

✲✘

ν
1
=ν

2
=✺✵✹✗

✲✘

ν
1
=ν

2
=✄✵✹✗

✲✘

ν
1
=ν

2
=✼✵✹✗

✲✘

ν
1
=ν

2
=✂✵✹✗

✲✘

ν
1
=✁✙✹✗

✲✘

ν
2
=✂✼✹✗

✲✘

Figure S5: Emission spectra simulated at 300K for p-terphenyl adopting VH. The two

imaginary frequencies that arise (ν1 and ν2), related to the torsions, are set to different

values, including those obtained turning the original imaginary values to real (dashed

line).
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S4.2.2 Energy scan along flexible torsions in polyphenyl molecules

In order to evaluate the coupling between the torsional profiles for p-terphenyl, the

relaxed scan is computed for one torsion, either relaxing the other one or keeping it fixed

at an intermediate value (60 degrees). The results in the table below indicate that while

S0 profiles are not very sensitive to the position of the other dihedral (i.e. they are

mostly uncoupled), some differences are observed at S1, which indicates that there is a

non-negligible but still moderate coupling.

✵ ✻✵ ✶�✵ ✶✁✵
❆✂✄☎✆ ✝✞✆✄✟

✵

✶

�

✸

❊
✠❊
♠
✡☛

✥☞
✌
✍
✎✏
✑
✒
✎✓

✵

✺

✶✵

✶✺

�✵

�✺

❊
✠❊
♠
✡☛

✥☞
✌
✍
✎✏
✑
✒
✎✓ δ✷ ✔✕✖✗✘✕✙

δ✷ ✚✛✘✕✙ ✜✢✣✙✕✤✦

❙✧

❙★

♣✩✪✫✬♣✭✫✮✯✰

Figure S6: Relaxed potential energy curves corresponding to one flexible dihedral of

p-terphenyl at PBE0/6-31G(d). S1 corresponds to the bright H→L transition. The non-

scanned dihedral is either relaxed at each iteration or keep fixed at 60 degrees in order

to asses the coupling between both torsions.
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S4.2.3 Effect of torsional distribution in the absorption spectral shape (polyphenyl)

✹ ✹�✹ ✹�✁ ✺�✂ ✺�✄
❊☎✆✝✞✟ ✠✆✡☛

❘
☞
✌
✍
✎✏
☞
✑
✒
✓
✔
☞ ❙✕✖✟✗

❊✘✙

✸�✄ ✹ ✹�✹ ✹�✁ ✺�✂
❊☎✆✝✞✚ ✠✆✡☛

✭✛✜✢✣✤✥✦✧ ✭✛✜✢✣★✥✦✧

♣✩✪✫✬♣✮✫✯✰✱ ♣✩✲✳✴✵✫✬♣✮✫✯✰✱

Figure S7: Absorption lineshape spectra simulated with the VH model using PBE0. The

torsion is removed from the calculation and the effect is recovered by convolution with

a Gaussian with the HWHM corresponding to the distribution of vertical energies over

torsional space. All torsional profiles described with those of biphenyl.
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