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35 Abstract

37 Electron correlation and environmental effects play important roles in electron dy-
39 namics and spectroscopic observables of chemical systems in condensed phase. In this
41 paper, we present a time-dependent complete active space configuration interaction
43 (TD-CASCI) approach embedded in a polarizable force field, MMPol. The present
45 implementation of TD-CASCI/MMPol utilizes a direct matrix-vector contraction, al-
lowing studies of large systems. This scheme is used to study the solvatochromic shift
48 of coumarin 153 in methanol. The TD-CASCI/MMPol approach captures the dou-
50 ble excitation character in the excited state wave function and accurately predicts
52 the solvatochromic red-shift of coumarin 153 dye within the experimental range, out-
54 performing linear response time-dependent density functional theory. The effect of

56 using different reference orbitals for the TD-CASCI/MMPol simulation is also inves-
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tigated, highlighting the need for an unbiased treatment of all electronic states in the

energy-range of interest.

1 Introduction

Real-time time-dependent electronic structure theory seeks to solve the time-dependent
Schrodinger equation (TDSE) for quantum systems in order to predict and simulate the re-

sponse to external perturbations. 12 Real-time methods have been applied to many types of

13-16 6,17-22

spectroscopy as well as studies of charge migration and charge-transfer dynamics.
A commonly used real-time approach is the real-time time-dependent density functional the-
ory (RT-TDDFT), 623732 making use of TDDFT, one of the most prevalent methods for the
study of excited state properties and absorption spectra of molecular systems. However,
available DFT functionals used in RT-TDDFT are adiabatic, 7.e. the exchange-correlation
potentials do not change in time, and are designed for the ground state, leading to many
known problems. 3336

Recently, wave function based real-time electronic structure theory in the framework
of time-dependent configuration interaction (TD-CI) has been used for the calculation of
absorption spectra and non-linear optical properties in vacuum.3”*! Since the full TD-CI
method is not computationally feasible except for very small molecular systems, the CI
expansion is often truncated in terms of either the excitation operator (e.g., singles and dou-
bles) or the space used to construct the CI basis (e.g., the complete active space approach).
Both types of truncated TD-CI methods have shown promise in simulating multi-electron
dynamics driven by external perturbations. 373841

An external perturbation of great chemical interest is the interaction between a molecule
and its environment, such as a solvent or protein. It is well known that this perturbation
can lead to changes in fundamentally dynamical properties of a molecule, as seen by solva-

42-46

tochromic shifts in spectra of chromophores or solvent induced modifications to electron

2
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transfer rates.® Although the importance of such a perturbation is widely recognized, care
must still be taken when choosing a model to simulate the solute-solvent interaction. An
effective and increasingly popular approach consists in adopting a so-called polarizable em-
bedding scheme, which includes atomistic descriptions of the environment while also allowing
for mutual polarization between the molecule and its environment. Many different models
belong to the family of polarizable embedding, including, but not limited to the “Effective
Fragment Potential Method” #"#® and the polarizable molecular mechanics models, which can
be based on induced dipoles?® 53 (MMPol), fluctuating charges,® " or Drude oscillators.?®
Numerous recent efforts have been devoted to improving the accuracy of spectral simulations
in an environment through the lens of polarizable embedding. Hedegard et al. implemented
a multi-configuration self-consistent field (MCSCF') within their own polarizable embedding
framework and used it to get the solvatochromic shift of the first absorption in acetone and
uracil.® Li et al. combined the induced dipole formalism of MMPol with the complete active
space self-consistent field (CASSCF)%%! method to accurately capture the solvation effect
of water on the excited states of cytosine.®? Donati et al. coupled real-time TDDFT to
MMPol to simulate the absorption spectrum and the time-dependent dipole in both solvated
systems as well as covalently bound protein.% Motivated by this final approach, this paper
aims to merge the merits of both explicitly time-dependent complete active space (CAS)
methods and MMPol to simulate the complex, environment-dependent and multi-electron
excited state properties.

We present a time-dependent complete active space configuration interaction (TD-CASCI)
method coupled with an MMPol environment. This method is then used to calculate the
absorption spectrum of coumarin 153 (C153) in methanol, which has a pronounced and well
studied solvatochromic shift, in order to highlight the need for both facets of the model. In
addition, we explore the choice of reference orbitals for the TD-CASCI calculation and the
implications of the choices on the behavior of the environment. In particular, the behaviors

of TD-CASCI simulations using HF, ground state state-specific CASSCF (SS-CASSCF) and

3
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state-averaged CASSCF (SA-CASSCF)®! orbitals in an MMPol environment are compared

to determine their suitability for capturing environmental effects on correlated excited states.

2 Theory

The time-evolving wave function of a many-electron system is governed by the time-dependent

Schrodinger equation:
oV (t)

= HOw( 1)

In the time-dependent configuration interaction (TDCI) framework, the wave function W(¢)

is expanded as a linear combination of time-independent Slater determinants {®;}:

U(t) =) Ci(t)®y (2)

where {C;(t)} are the time-dependent CI coefficients. Within a given basis, the TDCI
approach gives the exact time-dependent variational solution of a many-electron system.
However, it is not a computationally practical method except for small systems. For large
molecules, the TDCI wave function expansion can be restricted in a so-called active space,

resulting in a CAS formalism,
TS = > Ck(t)Px (3)
K€CAS

As the size of the active space increases, the CAS wave function approaches the asymptotic
limit of the full CI solution. In the following discussion, we remove the CAS denotation for

simplicity, and use the following notation throughout the rest of the paper:
e K L, ... are Slater determinants in the active space.
e t,u,v,w,... are orbitals in the active space.

e 1,7, k, L, ... are orbitals in the inactive space.

4
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e a,b,c d, ... are orbitals in the virtual space.
® p,q,r,S,... are any orbitals.

e v, I/, ... are atomic orbitals.

2.1 Time-dependent Complete Active Space Approach

With the CAS wave function ansatz in Eq. (3), Eq. (1) can be written in a matrix form as:
iC(t) = H(H)C(t) (4)
The Hamiltonian in the determinant basis is

Hir(t) = (K| ) (A + Z(Q(WIZ'Z') — (tiliw)) + V' () Ev | L)

+ (K] % S (ufow)(Bu B — us B 1) 5)

tuvw

where the h,, and (pg|rs) are the one-electron and two-electron integrals, respectively. qu

is an excitation operator

v o
Epy = aLaaqa + 50 (6)

The first term in Eq. (5) is the effective one-electron Hamiltonian which includes contribu-
tions from doubly occupied inactive orbitals and external perturbations. In the presence of an
external electric field, €(t), the effect of the external perturbation takes on an electric-dipole

approximation,

Vi (t) = dyu - £(2) (7)

dyg = (p[1lq) (8)

5
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This potential is included in the effective one-electron Hamiltonian in Eq. (5)

2.2 Time-propagation of Direct TD-CASCI

Propagation of Eq. (4) can be carried out in the CI state basis where the time-evolution
operator is a unitary matrix.?"*1% However, propagating the TD-CASCI wave function in
the CI state basis requires a full diagonalization of the Hamiltonian and computation of
the transition dipole matrix element between all CI states. This is not a computationally
practical approach except for small CAS problems.

In this work, we use the second-order symplectic leapfrog method3®56:67 to integrate the
TD-CASCI equation in matrix form (Eq. (4)) with a direct algorithm to form the matrix-
vector product.

The first step in the leapfrog propagation of Eq. (4) is a first order extrapolation of C at
t =0, C(0), to C at t = £, C(5}):

where C(t) is written as the simple rearrangement of Eq. (4):
C(t) = —iH(t)C(t) (10)

The subsequent steps propagate C by evaluation of C at the midpoint of the step:

C(t) = C(t — At) + At C(t — %) (11)

The symplectic nature of the scheme ensures the norm is conserved over long-time propaga-

tion.3®

The most time-consuming step of the leapfrog propagation is the evaluation of the matrix-

6
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vector product in Eq. (10). In the direct TD-CASCI approach, the matrix-vector product
o1 = ZHKLCL (12)
L

is computed on-the-fly using Olsen’s minimum operation count algorithm.% Combining a
direct-Cl approach with the leapfrog algorithm results in a method with reduced memory

requirements, allowing the use of larger CI expansions and the study of larger systems.

2.3 Coupling to the Time-dependent Polarizable Force Field

To describe the many-electron dynamics embedded in a polarizable force field, one needs to
integrate the mutual polarization between the TD-CASCI and MMPol subsystems during
the dynamics. MMPol introduces an additional time-dependent perturbation to the effective

one-electron Hamiltonian,

vMMPol — | Z | R | Z I“"p(|t2 _(7;;3— r) ) (13)

where {¢;} are MM charges. Indices ¢ and p label the charge and polarizable sites in the
MM region, respectively. r are electronic degrees of freedom in the QM region and R are
the nuclear degrees of freedom in the MM region.

The two terms in the bracket in Eq. (13) give rise to the electrostatic interaction between
the QM electrons and the MM charges {¢;} and induced dipole {g,}. The time-dependence
of the MM dipoles {g,,} arises from the time-dependent electric field produced by the MM

charges and QM electrons through the following linear equation,

Z S}()i} 3Ry (R - Hy (t))> (14)

(1) = ( )+ 3 S

|5
ps«ép p#p R
R, —r
E, (t) = et C——— t)—L2——( 15
p() Z |R R|3 Z |R R|3 +/p(r7 )|Rp_r|3 r ( )

i#p

7

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Chemical Theory and Computation

where o, and E, () are the static polarizability tensor and the time-dependent polarization
field at the MM site p. R are nuclear degrees of freedom in the QM region. S®e' and S®)w’
are screening factors depending on the MM topology, which are introduced to avoid over-
polarization effects.®® ™ In the MMPol scheme used in this work, atomic partial charges™

and isotropic static atomic polarizabilities®®™

in the MM region are employed.

The time-dependent polarization field at the MM site p includes the electric field produced
by the time-dependent electronic density of charge p(r,¢). In the current implementation,
this term is evaluated as

R,—r R,—r
p(r, ) —gdr = Y Pou(t) (v| ———= V) (16)
/ Ry —xf? 2. Ry —

r|?

vv!

where P is the density matrix in the atomic orbital basis.

In this work, only the static polarizabilities of the MM sites are considered, and the MM
induced dipoles respond instantaneously to the electric field produced by the time-dependent
electronic density of charge p(r,t) at each polarizable site p. This is a reasonable and useful

approximation for cases where the electric field generated by the QM region is oscillating

much slower than the response in the MM region. ™
Inactive Active Virtual
2 .0
HE 0
0 - 2
(V1.1 )/I.U)
i " Y
0 -+ 0
0 P
0 - 0

Figure 1. Density matrix v in molecular orbital basis.

In the TD-CASCI formalism, the total one-particle density matrix takes on a form illus-
trated in Fig. 1 where all the inactive orbitals are doubly occupied and all virtual orbitals are

empty. Only the one-particle density matrix in the active molecular orbital space depends

8
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on times. Such a dependence stems from the time-evolution of TD-CASCI,

Yi(t) =2, () =0, i#j

Yeu(t) = (0] By, [0) = ZC* ) (K| By | L) (17)

Yab(t) =0

However, all electrons, including those in the inactive orbitals, produce polarization fields
acting on the MM sites. Therefore, at each time step, the total one-particle density matrix
in the molecular orbital space ~(t) is transformed to the atomic orbital space P(t) for the
evaluation of the polarization field introduced by the QM region (Eq. (16)).

The computational cost of TD-CASCI is dominated by the matrix-vector product pro-
cedure, Eq. (12), which scales as O(N3,) where Nge is the number of determinants that
grows factorially with respect to the CAS space. Compared to the TD-CASCI propagation
in vacuum, there is an additional computational cost in the TD-CASCI/MMPol calculation
due to the need to account for the mutual polarization of the QM and MM regions. This
additional cost depends on the number of MM sites, Ny, and the number of basis functions
in the QM site, Nou. As a result, the total computational cost of the TD-CASCI/MMPol
method scales as O(Ng,; + NdyNum). For a simulation using a small CAS space and a large
MM region, computing the MMPol polarization, Eq. (13), can become the computational

bottleneck.

2.4 Computation of Absorption Spectrum and Signal Processing

In the direct TD-CASCI formalism, the time-dependent dipole moment can be computed as

Ma:,y,z(t) = Tr[dx,y,z’)/(t)] (18)

9
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where d and 7(¢) are defined in Eq. (8) and Eq. (17). Note that only the time-evolving part
of the one-particle density matrix can give rise to dipole oscillations and absorption signals.
The initial electric field perturbation corresponds to a step function lineshape lasting for

only the initial time-step of width At, e.g.

gmax, 0<t< At,
§(t) = (19)

0, else

In this case, the discrete Fourier transform of the “delta pulse” £(t) will simply be &pax.
Following this external perturbation the molecular dipole will evolve in time. The ab-
sorption spectrum can then be determined by a Fourier transform of the time evolving dipole
moment (Eq. (18)). Padé approximants, used in this paper, have been shown to produce
comparable spectra with far shorter simulation time.3%" The transformed dipole moments

can then be used to construct the isotropic dipole strength function

S(w)oc Y Tr [w - Im%ﬂ (20)

q:x7y7z

to form the absorption spectrum.

3 Results and Discussion

3.1 Simulation Protocols

The TD-CASCI/MMPol method introduced in this work is implemented in the development
version of the Gaussian software package.™ The case study is the absorption spectrum of the

7786 a member of a class of molecules widely employed as sensitizers in

coumarin 153 dye,
solar cells.®” The time step used in the benchmark calculations is 0.024 attosecond to ensure

an accurate interpretation of the results. TD-CASCI/MMPol dynamics are integrated for

10
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15 fs. The external electric field employed to perturb the system had an intensity of 0.001
a.u., low enough to allow a linear approximation of the system response to the perturbation.
Computed spectra are compared to experimental measurements and linear response TDDFT
results. The PBEQ hybrid functional® with the 6-31G(d) basis set %% is used in the TDDFT

calculations. The same basis set is used for the TD-CASCI calculations.

3.2 Choosing the CASCI Space and Reference Orbitals

Characteristics of electron wave functions in TD-CASCI calculations strongly depend on the
size of the active space and the choice of orbitals used to construct the configurations that
expand the CAS wave function (Eq. (3)). Three different sets of molecular orbitals are used
to construct the active space and their effects on the TD-CASCI spectra are investigated in
this work. The three sets of molecular orbitals are fully optimized at the Hartree-Fock (HF)
reference, ground state SS-CASSCF, and SA-CASSCEF levels, respectively. In the following
discussion, we will use TD-CASCI//HF, TD-CASCI//SS-CASSCF, and TD-CASCI//SA-
CASSCEF notations to describe the choice of molecular orbitals that underly the TD-CASCI
simulations.

In order to determine the ideal size of the active space for TD-CASCI simulations, a
large active space, CAS(22,16) (22 electrons and 16 orbitals), was initially investigated. We
will use the optimized ground state HF reference orbitals in vacuum as a case study to
illustrate the strategy to choose the active space. Ground state HF orbitals optimized in
vacuum ranging from HOMO—10 to LUMO+4 are included in the CASCI(22,16) calculation.
Suggested by a linear response TDHF calculation, these orbitals are mostly responsible for
the lowest 15 electronic excitations. Fig. 2A shows orbital occupation numbers (Eq. (17))
obtained from the CASCI(22,16) calculation. Many orbitals are nearly doubly-occupied
(occupation number > 1.95) or empty (occupation number < 0.05) in the lowest 16 CI states
including the ground state. Only seven orbitals with significant 7= characters, HOMO—-3 to
LUMO+2 (see Fig. 2B), are considered active in terms of electron occupation number. This

11
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analysis suggests that an active space of 8 electrons and 7 orbitals is sufficient for describing
low-energy electronic excitations of coumarin 153 in vacuum. Similar exercises are used to
select active spaces for TD-CASCI simulations using molecular orbitals optimized at different
levels in vacuum and in MMPol (see Supporting Information, Figure S1 and S2), and result
in the same size of active space for all simulations carried out in this work. Therefore, all
following TD-CASCI calculations are performed in the CAS(8,7) framework with different
optimized molecular orbital sets shown in Figure S2 in the Supporting Information. The
initial condition at ¢ < 0 before the field is turned on for each test case is chosen to be the

ground state of the CASCI(8,7) solution.

(A 1. State (B) LUMO LUMO+1 LUMO+2

)LUMO+4- [ & T
n )¥$ " "’ - ,‘.J ,d;\ 9
*99Pe% "’;‘ ° (]
d"l T
&y o o] (<] _J
$a00 SO 41*@;;
03?’. se oo & 9 »
9 J’J" ? ?

1 5 1 16 HOMO HOMO-1 HOMO-2 HOMO-3

LI rmas
0 05 10 15 20

Ly

HOMO

. Orbital

HOMO-51

HOMO-101

Figure 2. (A) Orbital occupation numbers, computed using Eq. (17), from
HOMO-10 to LUMO+4 across the first sixteen states in coumarin 153. (B)
Seven most active orbitals from the analysis in (A).

Figure 3 shows absorption spectra of coumarin 153 in vacuum computed using three
different TD-CASCI protocols, compared to those obtained with linear response TDDFT
and TDHF. All TD-CASCI spectra are blue-shifted compared to those from linear response
TDDFT and TDHF calculations. The spectral blue-shift in TD-CASCI is a result of a
lack of dynamical correlation when a small active space is used. It should be noted that
the TD-CASCI spectrum generated using SS-CASSCF ground state orbitals is more blue-
shifted than those using HF and SA-CASSCF orbitals. This occurs because the SS-CASSCF
orbitals are optimized solely for the ground state, meaning that the ground state is stabilized

compared to the excited states. As a result, the energy gap between the ground and excited

12
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states increases, causing a larger blue shift.
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35 Figure 3. Absorption spectra of coumarin 153 in vacuum computed with lin-
36 ear response TDDFT, TDHF, and TD-CASCI using HF, SS-CASSCF, and SA-
37 CASSCF optimized orbitals. Experimentally, the first absorption peak appears
38 at 3.35 eV in vacuum.®®

Figure 4 analyzes two characteristic absorption peaks in TDHF, TDDFT and TD-CASCI//HF
spectra, including the first and the most intense peaks. Their contributing MO transitions
and Slater determinants are shown with expansion coefficients. Compared to linear response
48 TDDFT and TDHF calculations, most peaks in TD-CASCI//HF spectra consist of similar
molecular orbital transitions that correspond to singly excited determinants. One major
>2 advantage of TD-CASCI over TDDFT or TDHF is that excited states containing characters
beyond that of a single excitation can be resolved. Figure 4 shows that the two characteris-

tic absorption peaks in TD-CASCI//HF spectrum contains double excitation contributions.
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In particular, the first absorption peak of coumarin 153 in vacuum has a rather significant
contribution from a doubly excited Slater determinant that corresponds to two-electron tran-

sition from HOMO to LUMO, a character that cannot be captured by linear response TDHF

or TDDF'T.
TDHF TDDFT TD-CASCI//HF
o = o> = ey
—+ —4 —+ —
A B ra preve B o Y
+ +H+ -
- - H
0.66 0.66 0.69 0.69 0.65 -0.65 0.23
w = 4.37eV w = 3.50eV w =484 eV
— — — — — — — — _*_ — — —
- -+ H = - —
B — 4= ﬁ-¢-ti++- —+ A= A= = e
= o i i sl s ul sl ¢ i 6
H H - - T Lo £ o S S S
0.51 051 0.36 0.36 063 063 -024 -0.24 048 -0.48 040 040 0.15 0.15 -0.08

w=713eV w =617 eV w = 8.60 eV

Figure 4. MO transition and Slater determinant contributions to the first, (A),
and most intense, (B), absorption peaks for coumarin 153 in vacuum.

3.3 Solvatochromic Spectral Shift

The focus of this work is to illustrate the time-dependent interplay between solute elec-
tronic excited states and a polarizable environment, and how their interactions manifest in
a solvatochromic shift. Therefore, although the absolute absorption peak positions are blue-
shifted, we expect that the relative solvatochromic shifts can still be accurately captured by
TD-CASCI since they arise due to the perturbation from the environment instead of internal
electron correlation.

Experimentally, the lowest absorption peak of coumarin 153 in methanol exhibits a
0.35~0.44 eV solvatochromic red-shift compared to that in vacuum. 39192 The TD-CASCI/MMPol
electronic dynamics of the coumarin 153 dye in methanol solvent are simulated to resolve
the absorption spectrum and solvatochromic shift. Coumarin 153 was placed in a box of

93,94

175 methanol molecules. The solvation box was previously equilibrated using the Amber

parm99SB force field. %97
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To simulate electronic dynamics driven by external electric field in solvent, the system is
initially prepared in equilibrium with the environment. In other words, molecular orbitals are
variationally optimized in the presence of solvent before the external perturbation is turned
on. The three self-consistent approaches, including HF, SS-CASSCF, and SA-CASSCEF,
to obtain molecular orbitals for the active space also represent three different equilibrium
conditions to include the solvent effect at t < 0. Although at ¢ > 0, the time-dependent
interaction between the TD-CASCI quantum system and the MMPol subsystem is modeled
in the same framework as described in Sec. 2.3 for all test cases, the electronic dynamics and

spectroscopic signals strongly depend on the initial equilibrium conditions.

HF/MMPol SS-CASSCF/MMPol SA-CASSCF/MMPol

Ap (Normalized)
; =
o
Ap (Normalized)
Ap (Normalized)
o
o

0 5 10 15 0 5 10 15
Time (fs) Time (fs) Time (fs)

Figure 5. Normalized time-dependent net dipole moments of coumarin 153 in
methanol after a delta-pulse perturbation, simulated with TD-CASCI/MMPol
using different sets of orbitals. The net dipole moments of the QM region are
plotted in blue, the net dipole moments of the MM region are plotted in red
and have been magnified for 10 times. left to right: orbitals optimized at the
HF /MMPol, SS-CASSCF/MMPol, and SA-CASSCF/MMPol levels.

Figure 5 shows the normalized time-dependent net dipole moments of coumarin 153
in methanol simulated with TD-CASCI/MMPol using solvated orbitals optimized at the
HF/MMPol, SS-CASSCF/MMPol, and SA-CASSCF/MMPol levels. Time-dependent net
dipole moments of the MMPol region are also plotted. Since the MM dipoles are propagated
instantaneously with the perturbed QM electronic density, an anti-oscillatory behavior of
the time-dependent MM dipole is expected. The absorption spectra obtained from the three
dipole time series are compared in Fig. 6 to the results in vacuum and those obtained with
linear response TDDFT /MMPol and TDHF/MMPol calculations in methanol.
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Figure 6. Absorption spectra of coumarin in methanol computed
with TD-CASCI/MMPol using HF/MMPol, SS-CASSCF/MMPol, and SA-
CASSCF/MMPol optimized orbitals (red) compared to their corresponding vac-
uum spectra (black).

Linear response TDHF and TDDFT exhibit a solvatochromic red-shift of 0.20 eV and
0.24 eV, respectively. In contrast, TD-CASCI simulations using the HF or SA-CASSCF
optimized orbitals show a solvatochromic red-shift of of 0.37 eV and 0.44 eV, respectively, for
the first absorption peak, in excellent agreement with experimental measurements. From the
analysis in Fig. 4, this is attributed to the inclusion of higher order excitation contributions
which are beyond the capability of linear response TDHF or TDDFT formalisms. However,
the simulations using SS-CASSCF orbitals shows the smallest solvatochromic shift. This
again is due to the fact that solvated orbitals are solely optimized for the ground state.

In the cases of TD-CASCI using solvated HF and SA-CASSCF orbitals, both ground and
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excited states are treated on an equal footing with the consideration of static correlation
and environmental effects. This is an intrinsic nature of the TD-CASCI//HF approach.
For TD-CASCI//SA-CASSCEF, all relevant states should be considered in the state-average
optimization of the solvated orbitals. In the case studied here, the lowest eight states are

included in the averaging.

4 Conclusion

In this article, we have introduced a coupling scheme that embeds the TD-CASCI method
in a polarizable force field, MMPol. The time-evolution of TD-CASCI approach employs a
direct matrix-vector contraction on-the-fly which allows studies of large scale systems using
the TD-CI approach.

The solvatochromic shift of coumarin 153 dye in methanol was studied using the TD-
CASCI/MMPol approach developed in this work, compared to experimental measurements
and results from linear response TDHF and TDDFT calculations. Although absolute exci-
tation energies from TD-CASCI/MMPol simulations are higher than those calculated using
TDHF and TDDFT due to the lack of dynamic correlation, TD-CASCI simulations using
HF and SA-CASSCEF solvated orbitals out-perform linear response TDHF and TDDFT for
the computed solvatochromic shift. The TD-CASCI approach is particularly advantageous
because its multi-configurational nature allows the description of the excited states with
double-excitation character.

The effect of using different reference orbitals for the TD-CASCI simulation has also been
investigated. The use of SS-CASSCF/MMPol solvated orbitals is discouraged because they
give rise to a strong bias toward electronic characteristics of the ground state. In order to
properly describe the excited state solvatochromic shift, wave functions of all relevant states
should be treated on an equal footing. This is the case in the TD-CASCI simulations using

HF and SA-CASSCEF solvated orbitals which produce a solvatochromic red-shift in excellent
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agreement with experiments.
The TD-CASCI/MMPol method detailed here is a powerful tool for studying electronic
dynamics embedded in a polarizable environment. This method is particularly advantageous

when excited states of the quantum subsystem are multi-configurational in nature.
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