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Calculation of the two-photon (2PA) absorption spectrum of aqueous thiocyanate using high-level quantum-chemistry
methods is presented. The 2PA spectrum is compared to the 1PA spectrum computed using the same computational
protocol. Although the two spectra probe the same set of electronic states, the intensity patterns are different, leading
to an apparent red-shift of the 2PA spectrum relative to the 1PA spectrum. The presented analysis explains the intensity
patterns and attributes the differences between 1PA and 2PA to the native symmetry of isolated SCN−, which influences
the spectra in the low-symmetry solution environment. The native symmetry also manifests itself in variations in
the polarization ratio (e.g., parallel versus perpendicular cross sections) across the spectrum. The presented results
highlight the potential of the 2PA spectroscopy and high-level quantum-chemistry methods in studies of condensed-
phase phenomena.

I. INTRODUCTION

Spectroscopy in the condensed phase reveals both the elec-
tronic structure of solvated molecules and the details of the
local solvent structure around the solute. Particularly sensi-
tive to the solvent structure are the charge-transfer-to-solvent
(CTTS) states1–3. These states, common for anionic solutes,
are derived by promoting an electron from a molecular orbital
to a proximal solvent cavity. The shapes of the molecular or-
bitals occupied by the excited electron resemble solvated elec-
trons; however, in CTTS states, the excited electron interacts
with the molecular core, making these states optically acces-
sible. They appear as broad and featureless bands in the deep
UV region (above 5 eV) of many solvated anions. Because of
the diffuse nature of the excited electron, the energies and os-
cillator strengths of CTTS states depend strongly on the size
and shape of the solvent cavity around the solute. Importantly,
these states are highly sensitive to dynamic structural fluctu-
ations of the solvent around the solute. This sensitivity leads
to the strong solvent, temperature, and pressure dependence
of the CTTS bands3,4. Furthermore, owing to this sensitivity,
spectroscopies involving CTTS states can be used to probe
the local structure of the solvent around anions and its dy-
namic fluctuations. However, to relate experimental spectra
to microscopic structural information, theoretical modeling is
required.

Recently, we presented a computational study of aque-
ous thiocyanate5 using high-level electronic structure meth-
ods. We investigated the sensitivity of the computed UV–
visible (UV–vis) spectra to the details of computational proto-
col, notably, equilibrium sampling. In particular, we found
that molecular dynamics (MD) simulations using classical
force fields produced more confined local structures around
the thiocyanate anions as compared to more accurate simula-
tions using ab initio MD combined with electrostatic embed-
ding. Consequently, the spectra computed using these two sets
of snapshots were markedly different, despite the inhomoge-
neous broadening of the transitions. Hence, the combination
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of theory and experiments can be used to validate and improve
theoretical methods for condensed-phase modeling.

In this contribution, we compute and analyze the two-
photon absorption (2PA) spectrum of SCN−(aq) using the
same computational protocol as in calculations of the one-
photon absorption (1PA) spectrum. Non-linear spectro-
scopies, such as 2PA, second-harmonic generation, electronic
sum-frequency generation (SFG), are gaining popularity, in-
cluding applications to solvated anions6–10. Because 1PA and
2PA transitions are governed by different selection rules, 2PA
spectra can provide complementary information, for exam-
ple, by revealing states that are dark in 1PA11,12. In addition,
2PA can provide more detailed information about the under-
lying electronic structure, such as the symmetry of electronic
states of the solute, by varying the polarizations of the two
photons12–14. For example, Bradforth and co-workers have
shown that different electronic states of water can be discerned
from polarization dependence of the continuous 2PA spectra
of bulk water15.

Although in solutions the formal symmetry is C1, the na-
tive symmetry of the solvated species strongly influences
their optical properties. For example, n→ π∗ transitions are
rather dim in 1PA, despite being formally allowed. How-
ever, such dim transitions can be probed using a different
spectroscopy. As a recent illustration of how such selection
rules can be overcome by multiphoton techniques, consider
the electronic spectrum of aqueous OH radical16. Its UV–
vis spectrum shows only a small shoulder corresponding to
the σ(pz)→ π(px/py) valence transition, but the same tran-
sitions become sharp in the RIXS (resonant inelastic X-ray
scattering) spectrum16.

As a linear molecule, SCN− is an interesting model sys-
tem for analyzing the effect of native symmetry on the 1PA
and 2PA spectra in solutions. Here, we analyze the computed
electronic states and their properties in terms of their relation-
ship to hypothetical states of an ideal symmetric model. By
comparing 1PA and 2PA spectra, we highlight the changes in
the intensity patterns. Together with polarization data, such
differences between 1PA and 2PA spectra can be used for
spectroscopic assignments. We hope that our simulations will
motivate experimental efforts to measure the continuous 2PA
spectrum of this interesting system.
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The structure of the paper is as follows. We begin with a de-
scription of theoretical methods and computational protocols.
We then discuss molecular orbital framework and symmetry
analysis of the low-energy electronic states of aqueous thio-
cyanate. We then apply this analysis to explain trends in 1PA
and 2PA spectra.

II. THEORETICAL METHODS AND COMPUTATIONAL
DETAILS.

Ab initio modeling of condensed-phase spectroscopy re-
quires the following: (i) quantum chemistry method capable
of describing electronic states involved; (ii) an adequate de-
scription of the solute–solvent interactions; (iii) the ability
to compute spectroscopic signal (e.g., absorption cross sec-
tions); (iv) reliable description of equilibrium dynamics; and
(v) tools for spectroscopic assignments. Our previous study
of aqueous thiocyanate5 illustrates the challenges involved in
developing computationally feasible protocols that adequately
address these points. Below, we briefly summarize essential
details of the theoretical framework and its extension to 2PA.

We use the equation-of-motion coupled-cluster method for
electronically excited states with single and double substitu-
tions (EOM-EE-CCSD), which is capable of treating states
of different character (e.g., local and CTTS excitations) in a
balanced way17. Describing solvent effects in calculations of
electronic spectra of solvated anions is particularly difficult
because, in addition to strong electrostatic interactions, one
should also properly treat quantum confinement effects (Pauli
repulsion between solvent molecules and excited electrons)
that prevent the artificial spilling of the electron density of the
solute into the solvent. Towards this end, we employ a rela-
tively large QM system comprising the thiocyanate molecule
and more than two solvation shells.

Whereas calculations of UV–vis (1PA) intensities is
straightforward, the calculation of the 2PA cross sections re-
quires implementation of response equations. Here, we use
theoretical framework described in Refs. 18–20. We carried
out equilibrium averaging using the same snapshots from the
AIMD trajectories as were used in the calculations of 1PA
spectra5. To assign the spectral features, we used wave-
function analysis and exciton descriptors21–25, in particular,
exciton sizes, which allow one to distinguish between local
and CTTS excitations. For 2PA, we used the NTOs of the
perturbed density20, which are related to the 2PA transition
moments.

We note that robust modeling of multiphoton properties
such as 2PA cross sections is very sensitive to approximations
in electron-correlation treatment19,26. The underlying model
Hamiltonians must reliably describe not only the initial and
final states in a transition but the full spectrum of electronic
states, owing to the sum-over-states expressions of the cor-
responding cross-sections (see, for example, expressions for
2PA transition moments below). This is different from mod-
eling one-photon spectroscopies (e.g., UV–vis) in which one
only needs to compute transition dipole moments between the
ground state and a few low-lying excited states. Therefore,

electronic structure methods and computational protocols that
provide a robust theoretical characterization of UV–vis spec-
tra may be inadequate for 2PA spectra19,26.

EOM-EE-CCSD has been used to model 2PA spectra
of several isolated chromophores18,27–30, showing a rea-
sonable agreement with available experimental spectra de-
spite neglecting the solvent effects, especially in non-polar
solvents28,29. Coupled-cluster simulations using explicit sol-
vent models have also been reported19,31,32. Here, we apply
the EOM-EE-CCSD method combined with explicit solvent
description to a system that is more demanding in terms of the
description of the solute–solvent interactions. This is the first
application of EOM-EE-CCSD for calculations of nonlinear
optical spectra involving CTTS states. Once the experimental
2PA spectrum of SCN−(aq) will become available, our simula-
tions will serve as an important benchmark for assessing the
performance of EOM-EE-CCSD combined with the explicit
description of the solvent. These results can also be used for
developing more approximate treatments for electron correla-
tion and embedding.

A. 2PA cross sections within EOM-EE-CCSD framework

Below, we outline the theoretical framework for comput-
ing 2PA cross sections18. Within the non-Hermitian EOM-
CC theory, the right and left transition moments are not
equivalent. Using the expectation-value EOM-EE-CCSD for-
malism, the right and left 2PA transition moments (M f←g

yz

and Mg← f
yz , respectively) are given by the sum-over-all-states

expressions18–20,

M f←g
yz =−∑

n

〈Φ0|L̂ f ˆ̄µzR̂n|Φ0〉〈Φ0|L̂n ˆ̄µyR̂g|Φ0〉
En−Eg−ω1

−∑
n

〈Φ0|L̂ f ˆ̄µyR̂n|Φ0〉〈Φ0|L̂n ˆ̄µzR̂g|Φ0〉
En−Eg−ω2

(1)

and

Mg← f
yz =−∑

n

〈Φ0|L̂g ˆ̄µyR̂n|Φ0〉〈Ψ0|L̂n ˆ̄µzR̂ f |Φ0〉
En−Eg−ω1

−∑
n

〈Φ0|L̂g ˆ̄µzR̂n|Φ0〉〈Φ0|L̂n ˆ̄µyR̂ f |Φ0〉
En−Eg−ω2

,

(2)

respectively. Here, g, n, and f are state indices for the ini-
tial, intermediate, and final states. The energies Ek and right
and left EOM-CC wave functions (R̂k|Φ0〉 and 〈Φ0|L̂k, respec-
tively) of state k within the EOM-EE-CCSD framework are
computed by solving the following right and left EOM-CC
eigenvalue equations in the determinant space of the reference
(Φ0) and singly and doubly excited determinants:

H̄R̂k|Φ0〉= EkR̂k|Φ0〉 (3)

and

〈Φ0|L̂kH̄ = 〈Φ0|L̂kEk, (4)
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where H̄ = e−T̂ HeT̂ is the EOM-CCSD similarity-
transformed Hamiltonian expressed in terms of the CCSD
operator, T̂ . The energies of the two photons (ωs) satisfy
the 2PA resonance condition: Ω f g = E f − Eg = ω1 + ω2.
ˆ̄µx = e−T̂ µ̄xeT̂ is the x Cartesian component of the similarity
transformed dipole-moment operator. The 2PA transition
moments are computed by recasting the sum-over-states
expressions into expressions that use response states, which
are computed with roughly the same cost as excited states
themselves18.

The rotationally averaged microscopic 2PA cross sections
are computed using the transition strength matrix, Sab,cd , as
follows:

〈δ 2PA〉g f
=

1
30

(FδF +GδG +HδH) =

1
30

(
F ∑

a,b
Sg f

aa,bb +G∑
a,b

Sg f
ab,ab +H ∑

a,b
Sg f

ab.ba

)
, (5)

where Sab,cd is given in terms of the products of left and right
2PA transition-moment components,

Sg f
ab,cd =

1
2

(
(Mg← f

ab )∗M f←g
cd +(Mg← f

cd )∗M f←g
ab

)
. (6)

The constants F , G, and H depend on the polarization of the
incident light13. F = G = H = 2 for parallel linearly polarized
light, F = −1, G = 4, H = −1 for perpendicular linearly po-
larized light, and F =−2, G = H = 3 for circularly polarized
light.

The macroscopic 2PA cross section, 〈σ2PA〉 (in Göppert-
Mayer units, 1 GM = 10−50 cm4s/photon) are expressed in
terms of 〈δ 2PA〉 as

〈σ2PA〉g f
(ω) =

2π3αa5
0
(
Ω f g

)2

c
〈δ 2PA〉g← f

L
(
Ω

f g,ω,Γ
)
,

(7)
where α is the fine structure constant, a0 is the Bohr radius, c
is the speed of light, and L (E f −Eg,ω,Γ) is the line-shape
function (Γ is an empirical factor describing line broadening).

B. Polarization ratios

In their pioneering work, McClain and co-workers13,14 ex-
plained by varying relative polarization of the two photons,
one can discern the three contributions to the overall cross-
section—δF , δG, and δH— and by doing so gain a more
detailed picture of the underlying electronic structure. The
most common approach is to compare the spectra obtained
with parallel (σpar) and perpendicular (σperp) polarizations
of the two photons. Below we briefly summarize the key
expressions13.

For linearly polarized light:

〈δ 〉= A+Bcos2(θ), (8)

where θ is the angle between the two photons. Hence, the
polarization ratio r of parallel and perpendicular cross sections

is

r =
δpar

δper
= 1+

B
A

(9)

For the degenerate 2PA, δG = δH (this also holds for non-
degenerate case for fully symmetric transitions)13. In these
cases:

A =−δF +3δG (10)
B = 3δF +δG (11)

As per Eq. (5), the expressions for δF and δG are:

δF = ∑
a,b

Saa,bb = Sxx,xx +Sxx,yy +Sxx,zz +

Syy,xx +Syy,yy +Syy,zz +

Szz,xx +Szz,yy +Szz,zz (12)

and

δG = ∑
a,b

Sab,ab = Sxx,xx +Sxy,xy +Sxz,xz +

Syx,yx +Syy,yy +Syz,yz +

Szx,zx +Szy,zy +Szz,zz. (13)

To apply these equations to a specific case, one needs to write
down the structure of S, based on the properties of the 2PA
moments (they are given in Ref. 14 for all symmetry groups).
Below we do this for SCN− (C∞v).

C. Computational Details

We computed the 2PA spectra using a hybrid QM/MM
approach with an electrostatic embedding scheme in which
the QM part was treated with EOM-EE-CCSD and the MM
waters were described as Gaussian-broadened TIP3P point
charges. As in the calculations of 1PA spectra5, we con-
structed the spectra using eight excited states per snapshot
(the benchmarks in Ref. 5 have shown that the computed 1PA
spectrum does not change when up to 10 states per snapshot
were computed). A total of 40 snapshots were chosen from the
AIMD calculations performed in Ref. 5. The QM region con-
sisted of SCN− and 20 nearest waters with the 6-31+G* basis
on the anion and 11 nearest waters and 6-31G on the rest. We
carried out a non-degenerate 2PA calculation with ω1 fixed at
4.66 eV. The line-shape function, L , was a normalized Gaus-
sian with FWHM of 0.1 eV. All calculations were performed
using the Q-Chem software33,34. We provide a sample input
for EOM-EE-CCSD 2PA jobs in the SI.

III. RESULTS AND DISCUSSION

We begin with discussing MO framework and symmetry
of the electronic states of SCN−. Although in the condensed
phase the symmetry is C1, MOs largely retain their shapes and
nodal structures as can be easily seen from the actual com-
puted orbitals, e.g., Fig. 3 in Ref. 5 and Fig. S1 in the SI.
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Thus, the electronic states of SCN−(aq) can be understood in
terms of perturbed states of an isolated linear molecule.

Table I shows the character table for C∞v group. It has
an infinite number of irreducible representations (irreps), but
for the low-lying electronic states of SCN− only A1, A2, E1,
and E2 are relevant. Fig. 1 shows the MOs involved in the
low-lying electronic transitions of SCN−: doubly degenerate
HOMO of π character (E1/Π), doubly degenerate LUMO of
π∗ character (E1/Π), and four diffuse atomic-like orbitals—s
(A1/Σ+), pz (A1/Σ+), and px/py (E1/Π).

TABLE I. Character table for C∞v group with standard and spectro-
scopic irrep labels.

Irrep E 2C∞ ∞σv Lin. fns.
A1/Σ+ 1 1 1 z
A2/Σ− 1 1 -1
E1/Π 1 2cos(φ) 0 x,y
E2/∆ 1 2cos(2φ) 0
E3/Φ 1 2cos(3φ) 0
En 1 2cos(nφ) 0

z

x y

⇡x
<latexit sha1_base64="c0yrxj4DmcSt/hkJdDZ9+/CsgyM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48VTFtoQ9lsN+3SzSbsTsRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuTaiEQ94DjlQUwHSkSCUbSS301F76lXrrhVdw6ySrycVCBHo1f+6vYTlsVcIZPUmI7nphhMqEbBJJ+WupnhKWUjOuAdSxWNuQkm82On5MwqfRIl2pZCMld/T0xobMw4Dm1nTHFolr2Z+J/XyTC6DiZCpRlyxRaLokwSTMjsc9IXmjOUY0so08LeStiQasrQ5lOyIXjLL6+SZq3qXVRr95eV+k0eRxFO4BTOwYMrqMMdNMAHBgKe4RXeHOW8OO/Ox6K14OQzx/AHzucP45GOvA==</latexit>

⇡y
<latexit sha1_base64="JGDWtRfX4bd9aQ2jMARcIDaQ9UA=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiRBKf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPmKc8iOlQiUgwilbye6no5/1K1a25c5BV4hWkCgWa/cpXb5CwLOYKmaTGdD03xWBCNQom+bTcywxPKRvTIe9aqmjMTTCZHzsl51YZkCjRthSSufp7YkJjY/I4tJ0xxZFZ9mbif143w+gmmAiVZsgVWyyKMkkwIbPPyUBozlDmllCmhb2VsBHVlKHNp2xD8JZfXiWtes27rNUfrqqN2yKOEpzCGVyAB9fQgHtogg8MBDzDK7w5ynlx3p2PReuaU8ycwB84nz/lFY69</latexit>

⇡⇤
y

<latexit sha1_base64="pCiYo2q6va5gXrPTdEt3IoZS8go=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRZBPJTdVtBj0YvHCvYD2rVk02wbms2GJCssS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0jOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFKEtEvNYdQOsKWeCtgwznHalojgKOO0Ek9uZ33miSrNYPJhUUj/CI8FCRrCxUqcv2ePFIB2UK27VnQOtEi8nFcjRHJS/+sOYJBEVhnCsdc9zpfEzrAwjnE5L/URTickEj2jPUoEjqv1sfu4UnVlliMJY2RIGzdXfExmOtE6jwHZG2Iz1sjcT//N6iQmv/YwJmRgqyGJRmHBkYjT7HQ2ZosTw1BJMFLO3IjLGChNjEyrZELzll1dJu1b16tXa/WWlcZPHUYQTOIVz8OAKGnAHTWgBgQk8wyu8OdJ5cd6dj0VrwclnjuEPnM8fAQWPWQ==</latexit>

⇡⇤
x

<latexit sha1_base64="7HDDU6mYyvwLahez0iIXOCJxizM=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRZBPJTdKuix6MVjBfsB7VqyabYNzWZDkhXL0h/hxYMiXv093vw3Zts9aOuDgcd7M8zMCyRn2rjut1NYWV1b3yhulra2d3b3yvsHLR0nitAmiXmsOgHWlDNBm4YZTjtSURwFnLaD8U3mtx+p0iwW92YiqR/hoWAhI9hYqd2T7OGs/9QvV9yqOwNaJl5OKpCj0S9/9QYxSSIqDOFY667nSuOnWBlGOJ2WeommEpMxHtKupQJHVPvp7NwpOrHKAIWxsiUMmqm/J1IcaT2JAtsZYTPSi14m/ud1ExNe+SkTMjFUkPmiMOHIxCj7HQ2YosTwiSWYKGZvRWSEFSbGJlSyIXiLLy+TVq3qnVdrdxeV+nUeRxGO4BhOwYNLqMMtNKAJBMbwDK/w5kjnxXl3PuatBSefOYQ/cD5/AP9yj1g=</latexit>

px
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py
<latexit sha1_base64="1cGstgTh2LzYxwyfgLUi7MuwZgk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2m3bpZhN2J0Io/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xCzhfkSHSoSCUbTSQ9LP+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6C/oRqFEzyaamXGp5QNqZD3rVU0YgbfzI/dUrOrDIgYaxtKSRz9ffEhEbGZFFgOyOKI7PszcT/vG6K4bU/ESpJkSu2WBSmkmBMZn+TgdCcocwsoUwLeythI6opQ5tOyYbgLb+8Slq1qndRrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AFt7o3k</latexit>

s
<latexit sha1_base64="8r6dWOvdyfgmPOHEanDSQrmgcis=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpu6XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3/OM+w==</latexit>

pz
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FIG. 1. Relevant molecular orbitals of SCN− and their symmetry
labels (in C∞v group).

The ground electronic state of SCN− is X1Σ+. Isolated
thiocyanate anion does not support bound electronic states,
but in aqueous solutions the detachment energy increases
considerably and several excited states become electronically
bound. The low-lying states of aqueous SCN− are derived
from the transitions between the doubly degenerate π HOMO
and doubly degenerate π∗ LUMO, giving rise to the intra-
molecular excitations, and transitions from the HOMO to the
diffuse atomic-like orbitals (s, px, py, and pz), giving rise to
the CTTS transitions. The CTTS transitions can mix with the
locally excited transitions. In the absence of symmetry, all
transitions can mix, however, as we observe from the calcula-
tions, many states have character that can be assigned to a par-
ticular type of transition. This can be seen from the shapes of
NTOs, and even more so, from the electronic properties (e.g.,
oscillator strengths). As we show below, this native symmetry
also explains trends in the 2PA spectrum.

Table II shows the symmetries of electronic states derived
from transitions between orbitals from Fig. 1 (see Table S1
in the SI for the irrep multiplication table). There are total
of twelve configurations that can be generated of which six
are dipole allowed—one local transition and five CTTS transi-
tions. We note that the NTO analysis only shows the nature of
the orbitals involved, but does not distinguish between differ-
ent symmetries—for example, all local excitations have two

TABLE II. Symmetry analysis of electronic transitions. The polar-
ization of transitions is shown in parentheses.

Transition Symmetry/States # states 1PA allowed
π → π∗ Π×Π→ Σ++Σ−+∆ 4 Σ+ (z)
π → s Π×Σ+→Π 2 Π (x,y)
π → pz Π×Σ+→Π 2 Π (x,y)
π → px/py Π×Π→ Σ++Σ−+∆ 4 Σ+ (z)

pairs of similar looking NTOs. Different states can be dis-
tinguished by either wave-function amplitudes or by the tran-
sition properties such as transition dipole moments or matrix
elements of the angular momentum operator.

FIG. 2. Density of states and 1PA spectrum computed using 8 states
from AIMD snapshots.

The calculations of the spectra are based on eight lowest
exited states, which was deemed sufficient for capturing the
low-energy part of the 1PA spectrum5. Fig. 2 shows the com-
puted density of states and the 1PA spectrum. As one can see,
eight states span energy range of about 2 eV and are clustered
in three groups—around 5.7 eV, 6.5 eV, and 7.2 eV, with the
second group being the largest. However, the intensities of
the 1PA spectrum are completely different—the most intense
peak corresponds to the third group and has a maximum at
about 7.5 eV, the first peak has much lower intensity, and the
second cluster of states gives rise to a shoulder in between
the first and the third peaks. Such significant difference be-
tween the density of states and 1PA intensities is the result of
the symmetry-imposed selection rules of the underlying tran-
sitions.

Based on the gas-phase calculations, the only bright lo-
cally excited state, Σ+, lies several eV above the lowest ex-
cited state. In the condensed-phase calculations, we found
no signatures of this bright ππ∗ transition in the eight lowest
states—the three states with predominant locally excited ππ∗

character have very low oscillator strengths.
The NTO analysis shows that the intense bands in the 1PA

spectrum correspond to the states with CTTS character. From
Table II, we see that not all CTTS transitions are bright–
among the eight transitions only five are dipole allowed; those
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are doubly degenerate π → s and π → pz (with transition
dipole moment perpendicular to the molecular axis) and one
π → px/py (with the transition dipole moment parallel to the
molecular axis).

Fig. 3 shows exciton sizes for the eight states averaged over
the equilibrium trajectory5. As one can see, states 3–5 have
smaller sizes, so that they can be classified as predominantly
local excitations, whereas states 1–2 and 6–8 have larger sizes.
Thus, the lowest eight transitions in our condensed-phase cal-
culations can be described as three dim local excitations, giv-
ing rise to the shoulder in the middle, and five brighter states
of CTTS character, giving rise to the two brighter peaks, with
the brightest peak having the largest CTTS character. Inspec-
tion of NTOs (see Fig. S1 in the SI and Ref. 5) shows that the
third band is dominated by π→ px/py transitions, whereas the
lower band is due to π→ s transitions. Additionally, the NTOs
reveal some mixing between local and CTTS excitations in the
two lower bands. We note that this mixing depends strongly
on the local structure of the solvent and is not captured by the
MD simulations using classical force fields.

13

FIG. 4: Average exciton, hole, and particle sizes and their standard deviations for MD (left) and

AIMD (right) snapshots.

all snapshots, we computed the averaged values and standard deviations for ab initio

descriptors[48, 61, 62] such as the hole, particle (electron), and exciton sizes (dh, de, and dexc,

respectively). The results are summarized in Fig. 4. dexc—defined as the root-mean-square

(RMS) electron–hole distance—quantifies the extent of delocalization and charge resonance

between two parts of the systems; here, between the anion and the surrounding cavity. For

inter-fragment transitions such as the CTTS transitions, average dexc and de are expected

to be larger than those for localized intramolecular transitions. This is confirmed in Fig. 4;

transitions 1, 2, and 3 for the MD snapshots and transitions 3, 4, and 5 for the AIMD snap-

shots show much smaller average exciton and particle sizes compared to those for the other

transitions. The average hole sizes do not vary much, in contrast to the particle and exciton

sizes, across these transitions, as also expected from the visualization of NTOs. Further,

FIG. 3. Average exciton sizes and standard deviations for the eight
lowest states of SCN−(aq) computed using AIMD snapshots.
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<latexit sha1_base64="wFdsE86za+8vFb7tqc1eEkSWOtQ=">AAACAnicbVDLSgMxFM34rONr1JW4CRZBXJSZKuiy6MZlBfuAzlgyaaYNzSRDklHKUNz4K25cKOLWr3Dn35hpZ6GtBy6cnHMvufeECaNKu+63tbC4tLyyWlqz1zc2t7adnd2mEqnEpIEFE7IdIkUY5aShqWaknUiC4pCRVji8yv3WPZGKCn6rRwkJYtTnNKIYaSN1nX0/ob6k/YFGUooHaJ53JzaE0O46ZbfiTgDniVeQMihQ7zpffk/gNCZcY4aU6nhuooMMSU0xI2PbTxVJEB6iPukYylFMVJBNThjDI6P0YCSkKa7hRP09kaFYqVEcms4Y6YGa9XLxP6+T6ugiyChPUk04nn4UpQxqAfM8YI9KgjUbGYKwpGZXiAdIIqxNankI3uzJ86RZrXinlerNWbl2WcRRAgfgEBwDD5yDGrgGddAAGDyCZ/AK3qwn68V6tz6mrQtWMbMH/sD6/AH4YJXU</latexit>

µx/µy
<latexit sha1_base64="PSAXUkViFndeeRjSaWeKSLoxk3Q=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFc1Zkq6LLoxmUF+4DOUDJppg1NMkOSEYfS33DjQhG3/ow7/8ZMOwttPXAvh3PuJTcnTDjTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3+Z+55EqzWL5YLKEBgIPJYsYwcZKvi/S/tN53rNyv1J1a+4MaJl4BalCgWa/8uUPYpIKKg3hWOue5yYmmGBlGOF0WvZTTRNMxnhIe5ZKLKgOJrObp+jUKgMUxcqWNGim/t6YYKF1JkI7KbAZ6UUvF//zeqmJroMJk0lqqCTzh6KUIxOjPAA0YIoSwzNLMFHM3orICCtMjI0pD8Fb/PIyaddr3kWtfn9ZbdwUcZTgGE7gDDy4ggbcQRNaQCCBZ3iFNyd1Xpx352M+uuIUO0fwB87nD4mskVo=</latexit>

⇧
<latexit sha1_base64="p29+Dm1GSGBscMcyJLIaI0aMiik=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzqN0V5UKm6NXcOskq8glShQHNQ+eoPI5YorpFJam3Pc2P0U2pQMMln5X5ieUzZhI54L6OaKm79dH7rjJxnypCEkclKI5mrvydSqqydqiDrVBTHdtnLxf+8XoLhjZ8KHSfINVssChNJMCL542QoDGcopxmhzIjsVsLG1FCGWTx5CN7yy6ukXa95l7X6w1W1cVvEUYJTOIML8OAaGnAPTWgBgzE8wyu8Ocp5cd6dj0XrmlPMnMAfOJ8/VZCNxQ==</latexit>

⇡ ! s
<latexit sha1_base64="uBVNAFuuMIosL42MfKcVR+f5dOc=">AAAB/nicbVBNS8NAEN3Urxq/ouLJy2IRPJWkCnosevFYwX5AE8pmu22XbnbD7kQpoeBf8eJBEa/+Dm/+G5M2B219MPB4b4aZeWEsuAHX/bZKK6tr6xvlTXtre2d3z9k/aBmVaMqaVAmlOyExTHDJmsBBsE6sGYlCwdrh+Cb32w9MG67kPUxiFkRkKPmAUwKZ1HOO/Jj7mg9HQLRWj9jYGGO751TcqjsDXiZeQSqoQKPnfPl9RZOISaCCGNP13BiClGjgVLCp7SeGxYSOyZB1MypJxEyQzs6f4tNM6eOB0llJwDP190RKImMmUZh1RgRGZtHLxf+8bgKDqyDlMk6ASTpfNEgEBoXzLHCfa0ZBTDJCqObZrZiOiCYUssTyELzFl5dJq1b1zqu1u4tK/bqIo4yO0Qk6Qx66RHV0ixqoiShK0TN6RW/Wk/VivVsf89aSVcwcoj+wPn8ATRiUYg==</latexit>

⇡ ! pz
<latexit sha1_base64="UXxlIxpppGdLf+yjtHmpzIl4t3g=">AAACAHicbVC7TsMwFHV4lvAKMDCwWFRITFVSkGCsYGEsEn1ITRQ5rtNadezIdkAl6sKvsDCAECufwcbf4LQZoOVIVzo6517de0+UMqq0635bS8srq2vrlQ17c2t7Z9fZ228rkUlMWlgwIbsRUoRRTlqaaka6qSQoiRjpRKPrwu/cE6mo4Hd6nJIgQQNOY4qRNlLoHPop9SUdDDWSUjzANHy0IYR26FTdmjsFXCReSaqgRDN0vvy+wFlCuMYMKdXz3FQHOZKaYkYmtp8pkiI8QgPSM5SjhKggnz4wgSdG6cNYSFNcw6n6eyJHiVLjJDKdCdJDNe8V4n9eL9PxZZBTnmaacDxbFGcMagGLNGCfSoI1GxuCsKTmVoiHSCKsTWZFCN78y4ukXa95Z7X67Xm1cVXGUQFH4BicAg9cgAa4AU3QAhhMwDN4BW/Wk/VivVsfs9Ylq5w5AH9gff4A7TiVTA==</latexit>

µz
<latexit sha1_base64="jhBJqTPFDminei8LtVuW9A+fz4Y=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0o6DHoxWME84BkCbOT2WTMPJaZWSGG/IMXD4p49X+8+TfOJnvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1uMr/1SLVhSt7bcUJDgQeSxYxg66RmV6S9p2KvVPYr/gxomQQ5KUOOeq/01e0rkgoqLeHYmE7gJzacYG0Z4XRa7KaGJpiM8IB2HJVYUBNOZtdO0alT+ihW2pW0aKb+nphgYcxYRK5TYDs0i14m/ud1UhtfhRMmk9RSSeaL4pQjq1D2OuozTYnlY0cw0czdisgQa0ysCygLIVh8eZk0q5XgvFK9uyjXrvM4CnAMJ3AGAVxCDW6hDg0g8ADP8ApvnvJevHfvY9664uUzR/AH3ucPKoaO2w==</latexit>

µx/µy
<latexit sha1_base64="PSAXUkViFndeeRjSaWeKSLoxk3Q=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFc1Zkq6LLoxmUF+4DOUDJppg1NMkOSEYfS33DjQhG3/ow7/8ZMOwttPXAvh3PuJTcnTDjTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1nGqCG2RmMeqG2JNOZO0ZZjhtJsoikXIaScc3+Z+55EqzWL5YLKEBgIPJYsYwcZKvi/S/tN53rNyv1J1a+4MaJl4BalCgWa/8uUPYpIKKg3hWOue5yYmmGBlGOF0WvZTTRNMxnhIe5ZKLKgOJrObp+jUKgMUxcqWNGim/t6YYKF1JkI7KbAZ6UUvF//zeqmJroMJk0lqqCTzh6KUIxOjPAA0YIoSwzNLMFHM3orICCtMjI0pD8Fb/PIyaddr3kWtfn9ZbdwUcZTgGE7gDDy4ggbcQRNaQCCBZ3iFNyd1Xpx352M+uuIUO0fwB87nD4mskVo=</latexit>

⌃+
<latexit sha1_base64="1mdRWmBztza0z8gdxWXvv6MN7eI=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSIIQtmtgh6LXjxWtB/SriWbZtvQJLskWaEs/RVePCji1Z/jzX9jtt2Dtj4YeLw3w8y8IOZMG9f9dpaWV1bX1gsbxc2t7Z3d0t5+U0eJIrRBIh6pdoA15UzShmGG03asKBYBp61gdJ35rSeqNIvkvRnH1Bd4IFnICDZWeujesYHAj6fFXqnsVtwp0CLxclKGHPVe6avbj0giqDSEY607nhsbP8XKMMLppNhNNI0xGeEB7VgqsaDaT6cHT9CxVfoojJQtadBU/T2RYqH1WAS2U2Az1PNeJv7ndRITXvopk3FiqCSzRWHCkYlQ9j3qM0WJ4WNLMFHM3orIECtMjM0oC8Gbf3mRNKsV76xSvT0v167yOApwCEdwAh5cQA1uoA4NICDgGV7hzVHOi/PufMxal5x85gD+wPn8AcImj7g=</latexit>

⇡ ! px/py
<latexit sha1_base64="66n1ZlCSukX8qfg2WnbRFJFQHZ0=">AAACBXicbVC7TsMwFHV4lvAKMMJgUSExlaQgwVjBwlgk+pCaKHJcp7XqJJbtAFHUhYVfYWEAIVb+gY2/wWkzQMuRrnR0zr26956AMyqVbX8bC4tLyyurlTVzfWNza9va2W3LJBWYtHDCEtENkCSMxqSlqGKkywVBUcBIJxhdFX7njghJk/hWZZx4ERrENKQYKS351oHLqSvoYKiQEMk95P7DCfczaEIITd+q2jV7AjhPnJJUQYmmb325/QSnEYkVZkjKnmNz5eVIKIoZGZtuKglHeIQGpKdpjCIivXzyxRgeaaUPw0ToihWcqL8nchRJmUWB7oyQGspZrxD/83qpCi+8nMY8VSTG00VhyqBKYBEJ7FNBsGKZJggLqm+FeIgEwkoHV4TgzL48T9r1mnNaq9+cVRuXZRwVsA8OwTFwwDlogGvQBC2AwSN4Bq/gzXgyXox342PaumCUM3vgD4zPHzy4lxM=</latexit>

⇡ ! ⇡⇤
<latexit sha1_base64="wFdsE86za+8vFb7tqc1eEkSWOtQ=">AAACAnicbVDLSgMxFM34rONr1JW4CRZBXJSZKuiy6MZlBfuAzlgyaaYNzSRDklHKUNz4K25cKOLWr3Dn35hpZ6GtBy6cnHMvufeECaNKu+63tbC4tLyyWlqz1zc2t7adnd2mEqnEpIEFE7IdIkUY5aShqWaknUiC4pCRVji8yv3WPZGKCn6rRwkJYtTnNKIYaSN1nX0/ob6k/YFGUooHaJ53JzaE0O46ZbfiTgDniVeQMihQ7zpffk/gNCZcY4aU6nhuooMMSU0xI2PbTxVJEB6iPukYylFMVJBNThjDI6P0YCSkKa7hRP09kaFYqVEcms4Y6YGa9XLxP6+T6ugiyChPUk04nn4UpQxqAfM8YI9KgjUbGYKwpGZXiAdIIqxNankI3uzJ86RZrXinlerNWbl2WcRRAgfgEBwDD5yDGrgGddAAGDyCZ/AK3qwn68V6tz6mrQtWMbMH/sD6/AH4YJXU</latexit>

⌃�
<latexit sha1_base64="2M5P6orOFyFsRITeFzKS0NtCxT4=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LBbBiyWpgh6LXjxWtB/QxrLZbtqlm03c3RRK6O/w4kERr/4Yb/4bN20O2vpg4PHeDDPz/JgzpR3n2yqsrK6tbxQ37a3tnd290v5BU0WJJLRBIh7Jto8V5UzQhmaa03YsKQ59Tlv+6CbzW2MqFYvEg57E1AvxQLCAEayN5HXv2SDEj2c2QsjulcpOxZkBLRM3J2XIUe+Vvrr9iCQhFZpwrFTHdWLtpVhqRjid2t1E0RiTER7QjqECh1R56ezoKToxSh8FkTQlNJqpvydSHCo1CX3TGWI9VIteJv7ndRIdXHkpE3GiqSDzRUHCkY5QlgDqM0mJ5hNDMJHM3IrIEEtMtMkpC8FdfHmZNKsV97xSvbso167zOIpwBMdwCi5cQg1uoQ4NIPAEz/AKb9bYerHerY95a8HKZw7hD6zPHwYakEw=</latexit>

�
<latexit sha1_base64="qQJXduoA6fJBAE+Q4CRyHNpoSvA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiHjxWsB+QhrLZbtqlm92wOxFK6M/w4kERr/4ab/4bN20O2vpg4PHeDDPzwkRwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hUU9amSijdC4lhgkvWBg6C9RLNSBwK1g0nt7nffWLacCUfYZqwICYjySNOCVjJ798xAaSCMa4MqjW37s6BV4lXkBoq0BpUv/pDRdOYSaCCGON7bgJBRjRwKtis0k8NSwidkBHzLZUkZibI5ifP8JlVhjhS2pYEPFd/T2QkNmYah7YzJjA2y14u/uf5KUTXQcZlkgKTdLEoSgUGhfP/8ZBrRkFMLSFUc3srpmOiCQWbUh6Ct/zyKuk06t5FvfFwWWveFHGU0Qk6RefIQ1eoie5RC7URRQo9o1f05oDz4rw7H4vWklPMHKM/cD5/ANa5j6Y=</latexit>

⇡ ! ⇡⇤
<latexit sha1_base64="wFdsE86za+8vFb7tqc1eEkSWOtQ=">AAACAnicbVDLSgMxFM34rONr1JW4CRZBXJSZKuiy6MZlBfuAzlgyaaYNzSRDklHKUNz4K25cKOLWr3Dn35hpZ6GtBy6cnHMvufeECaNKu+63tbC4tLyyWlqz1zc2t7adnd2mEqnEpIEFE7IdIkUY5aShqWaknUiC4pCRVji8yv3WPZGKCn6rRwkJYtTnNKIYaSN1nX0/ob6k/YFGUooHaJ53JzaE0O46ZbfiTgDniVeQMihQ7zpffk/gNCZcY4aU6nhuooMMSU0xI2PbTxVJEB6iPukYylFMVJBNThjDI6P0YCSkKa7hRP09kaFYqVEcms4Y6YGa9XLxP6+T6ugiyChPUk04nn4UpQxqAfM8YI9KgjUbGYKwpGZXiAdIIqxNankI3uzJ86RZrXinlerNWbl2WcRRAgfgEBwDD5yDGrgGddAAGDyCZ/AK3qwn68V6tz6mrQtWMbMH/sD6/AH4YJXU</latexit>

⇡ ! ⇡⇤
<latexit sha1_base64="wFdsE86za+8vFb7tqc1eEkSWOtQ=">AAACAnicbVDLSgMxFM34rONr1JW4CRZBXJSZKuiy6MZlBfuAzlgyaaYNzSRDklHKUNz4K25cKOLWr3Dn35hpZ6GtBy6cnHMvufeECaNKu+63tbC4tLyyWlqz1zc2t7adnd2mEqnEpIEFE7IdIkUY5aShqWaknUiC4pCRVji8yv3WPZGKCn6rRwkJYtTnNKIYaSN1nX0/ob6k/YFGUooHaJ53JzaE0O46ZbfiTgDniVeQMihQ7zpffk/gNCZcY4aU6nhuooMMSU0xI2PbTxVJEB6iPukYylFMVJBNThjDI6P0YCSkKa7hRP09kaFYqVEcms4Y6YGa9XLxP6+T6ugiyChPUk04nn4UpQxqAfM8YI9KgjUbGYKwpGZXiAdIIqxNankI3uzJ86RZrXinlerNWbl2WcRRAgfgEBwDD5yDGrgGddAAGDyCZ/AK3qwn68V6tz6mrQtWMbMH/sD6/AH4YJXU</latexit>

⇡ ! px/py
<latexit sha1_base64="66n1ZlCSukX8qfg2WnbRFJFQHZ0=">AAACBXicbVC7TsMwFHV4lvAKMMJgUSExlaQgwVjBwlgk+pCaKHJcp7XqJJbtAFHUhYVfYWEAIVb+gY2/wWkzQMuRrnR0zr26956AMyqVbX8bC4tLyyurlTVzfWNza9va2W3LJBWYtHDCEtENkCSMxqSlqGKkywVBUcBIJxhdFX7njghJk/hWZZx4ERrENKQYKS351oHLqSvoYKiQEMk95P7DCfczaEIITd+q2jV7AjhPnJJUQYmmb325/QSnEYkVZkjKnmNz5eVIKIoZGZtuKglHeIQGpKdpjCIivXzyxRgeaaUPw0ToihWcqL8nchRJmUWB7oyQGspZrxD/83qpCi+8nMY8VSTG00VhyqBKYBEJ7FNBsGKZJggLqm+FeIgEwkoHV4TgzL48T9r1mnNaq9+cVRuXZRwVsA8OwTFwwDlogGvQBC2AwSN4Bq/gzXgyXox342PaumCUM3vgD4zPHzy4lxM=</latexit>

⇡ ! px/py
<latexit sha1_base64="66n1ZlCSukX8qfg2WnbRFJFQHZ0=">AAACBXicbVC7TsMwFHV4lvAKMMJgUSExlaQgwVjBwlgk+pCaKHJcp7XqJJbtAFHUhYVfYWEAIVb+gY2/wWkzQMuRrnR0zr26956AMyqVbX8bC4tLyyurlTVzfWNza9va2W3LJBWYtHDCEtENkCSMxqSlqGKkywVBUcBIJxhdFX7njghJk/hWZZx4ERrENKQYKS351oHLqSvoYKiQEMk95P7DCfczaEIITd+q2jV7AjhPnJJUQYmmb325/QSnEYkVZkjKnmNz5eVIKIoZGZtuKglHeIQGpKdpjCIivXzyxRgeaaUPw0ToihWcqL8nchRJmUWB7oyQGspZrxD/83qpCi+8nMY8VSTG00VhyqBKYBEJ7FNBsGKZJggLqm+FeIgEwkoHV4TgzL48T9r1mnNaq9+cVRuXZRwVsA8OwTFwwDlogGvQBC2AwSN4Bq/gzXgyXox342PaumCUM3vgD4zPHzy4lxM=</latexit>

FIG. 4. Selection rules for 2PA transitions in SCN−.

Fig. 4 summarizes symmetry-imposed selection rules for
the manifold of low-lying electronic states in SCN−. Dipole-

allowed transitions are those for which product of the irreps
of the initial and final state and dipole moment contains fully
symmetric irrep (see Table S1 in the SI for help). As one
can see, the dipole-forbidden ∆ and Σ− states become two-
photon allowed, which should lead to the intensity increase in
the low-energy part of the spectrum relative to 1PA.

FIG. 5. Top panel: 1PA and 2PA (σpar) spectra of aqueous SCN−.
Low panel: Energy-rescaled intensities: 1PA spectrum divided by
the excitation energy (ω) and the 2PA spectrum divided by ω2.

Fig. 5 compares the 1PA and 2PA (σpar) spectra of aque-
ous SCN−. As one can see, the relative intensities of the three
bands change in 2PA, with the lower-energy peaks becoming
more prominent, as anticipated from the symmetry considera-
tions. The change becomes even more visible if one takes into
account the frequency factor (Fig. 5, bottom panel), which fa-
vors higher-energy transitions—i.e., the oscillator strength is
proportional to ω and the macroscopic 2PA cross section is
proportional to ω2.

The changes in the intensities result in an apparent red shift
of ∼0.05 eV of the three bands in 2PA relative to 2PA. This
red shift is a purely electronic phenomenon, as the position of
the excited states are the same in the two calculations, akin to
the non-Condon effects observed in fluorescent proteins35.

To further analyze the 2PA spectrum, we carried out NTO
analysis of the 2PA response one-particle transition density
matrices (1PTDM)20. In contrast to regular NTOs, which are
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FIG. 6. Polarization of the 2PA spectra: σpar and σperp and their
ratio.

related to the 1PA intensities, these response (or 2PA) NTOs
are related to the magnitude of the 2PA cross sections, so they
can reveal the nature of the “virtual” state36, providing details
of the important orbitals involved in the 2PA transition. Figs.
S1–S5 in the SI show 1PA and 2PA NTOs for a representa-
tive snapshot. For this snapshot, the first two transitions have
clear s-type CTTS character and the next three transitions are
intramolecular, and the last three are the p-type CTTS tran-
sitions. This characterization is based on the analysis of the
dominant NTO pair of the 1PA 1PTDMs in Fig. S1 in the SI.

For the 2PA transitions, the response 1PTDMs have
three Cartesian components and depend on frequencies of
the two photons, which makes the analysis more involved.
Figs. S2-S4 in the SI shows the 2PA NTOs. Qualitatively,
we observe that these NTOs show contributions of multiple
“virtual” states into the 2PA cross sections, which are not seen
in 1PA NTOs. For example, for the first two transitions (Fig.
S2 in the SI), the response 1PTDMs reveal dominant π →
CTTS py NTO pair. We also observe a π → CTTS pz char-
acter from the less important z-component response 1PTDMs.

Symmetry also affects the difference between the 2PA spec-
tra obtained with parallel (σpar) and perpendicular (σperp) po-
larized beams12–14. In general, the ratio is larger for fully
symmetric transitions12–14. Following McClain11,12, we can
estimate the ratio r for our system using idealized symmetry
(C∞v). Table III summarizes the symmetry-imposed structure
of the 2PA moments for the C∞v group.

For fully symmetric transition, Σ+→ Σ+, we obtain

δF = 2Sxx,xx +Szz,zz +4Sxx,zz +2Sxx,yy (14)

and

δG = 2Sxx,xx +Szz,zz +4Sxz,xz +2Sxy,xy, (15)

TABLE III. Structure 2PA moments for transitions in C∞v group14.
Transition Non-zero elements Notesa

Σ+→ Σ+ Mzz, Mxx, Myy Mxx = Myy
Σ+→ Σ− Mxy, Myx Mxy =−Myx
Σ+→Π Mxz, Myz, Mzx, Mzy Myz =−iMxz, Mzy =−iMzx
Σ+→ ∆ Mxx, Mxy, Myx, Myy Mxy =−iMxx, Myy =−Mxx,

Myx =−iMxx
a This is valid within Hermitian framework. For Π and ∆, there are

two components and the moment for the second component is
complex-conjugate of the other.

which yields

A =−(2Sxx,xx +Szz,zz +4Sxx,zz +2Sxx,yy)+

3(2Sxx,xx +Szz,zz +4Sxz,xz +2Sxy,xy) =

4Sxx,xx +2Szz,zz +12Sxz,xz +6Sxy,xy−4Sxx,zz−2Sxx,yy =

(4Sxx,xx +2Szz,zz +6Sxx,zz +3Sxx,yy +2Sxz,xz +Sxy,xy)+

(10Sxz,xz +5Sxy,xy−10Sxx,zz−5Sxx,yy)

(16)

and

B = 3(2Sxx,xx +Szz,zz +4Sxx,zz +2Sxx,yy)+

2Sxx,xx +Szz,zz +4Sxz,xz +2Sxy,xy =

8Sxx,xx +4Szz,zz +12Sxx,zz +6Sxx,yy +4Sxz,xz +2Sxy,xy =

2(4Sxx,xx +2Szz,zz +6Sxx,zz +3Sxx,yy +2Sxz,xz +Sxy,xy).

(17)

Neglecting (10Sxz,xz + 5Sxy,xy − 10Sxx,zz − 5Sxx,yy) terms, we
obtain B/A≈ 2, giving rise to r ≈ 3.

For Σ−, Π, and ∆ transitions, δF =0, which gives B/A = 1/3
and r = 4/3.

The computed polarization ratio follows these idealized
symmetry-based estimates. The ratio is the largest, reaching
the value of 2.2, in region III, dominated by totally symmetric
(Σ+), π → px/py transitions. For other transitions, r varies
between 1.4-1.7. The deviations from the limiting values of 3
(for Σ+) and 1.3 (for Σ+, Π, and ∆) can be explained by mix-
ing configurations of different types and by the fact that the
two photons are not degenerate.

We conclude by noting that the computed spectra (Fig. 6)
show that the ratio shows more detailed structure than each
spectrum alone, with about seven distinct peaks.

IV. CONCLUSIONS

Non-linear spectroscopies such as 2PA and SFG can pro-
vide complementary information of the electronic structure
relative to linear (i.e., UV–vis) spectroscopy owing to their
different selection rules. By using aqueous thiocyanate, we
demonstrated that the symmetry-imposed selection rules of
the ideal (isolated) system persist in the condensed-phase and
strongly influence 1PA and 2PA spectral features.

We have presented state-of-the-art simulations of the 2PA
spectra of SCN−(aq) and compared it with the 1PA spectrum
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computed using the same protocol. The simulations reveal
changes in the intensity patterns, which can be explained by
the native symmetry of the solute. The native symmetry leads
to the variations of polarization ratio across the 2PA spec-
trum, which can facilitate spectroscopic assignments. These
changes in the intensities result in an apparent red shift of
the 2PA spectrum of 0.05 eV relative to 1PA. We emphasize
that the electronic states probed in both experiments are the
same and the shift is of purely electronic nature, akin to non-
Condon effects observed in fluorescent proteins35.

Our study contributes to a growing body of non-linear spec-
troscopic studies in condensed phase. We hope that our results
will inspire future spectroscopic studies on this system and
provide useful benchmark for theoretical developments.
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