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Abstract

We demonstrate the pivotal role of QM density confinement effects on solvatochromic
shifts. In particular, by resorting to a QM/MM approach capable of accounting for
confinement effects we successfully reproduce vacuo-to-water solvatochromic shifts for
dark n — 7" and bright m — 7* transitions of acrolein and dark n — 7* transitions
of pyridine and pyrimidine without the need of including explicit water molecules in
the QM portion. Remarkably, our approach is also able to dissect the effects of the
single forces acting on the solute-solvent couple, and allows for a rationalization of the

experimental findings in terms of physico-chemical quantities.
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Solvatochromism, i.e. the shift in absorption energies which is evidenced by measuring
absorption spectra of a given system as vapor phase or dissolved in a polar solvent, is an
amply studied phenomenon.!? Its rationalization in terms of molecular structural patterns,
electronic structure and solute-solvent interactions has benefited much in recent years by
the interplay between experiments and computational approaches.®® Due to the nature of
solvatochromism, reliable computational methods need to accurately describe the solute’s
geometry, but especially its electronic structure both in the ground and excited state(s),
which generally means that electron correlation needs to be accounted for. However, the
interactions between the solute and the surrounding solvent need to be modeled at the same
level of accuracy, so to reproduce all interaction forces between the two players in a physically
consistent way.

An iconic case is the vacuo-to-water solvatochromism exhibited by the dark n — 7* and
bright @ — 7* transitions of acrolein, which are shifted to opposite directions due to the
presence of the surrounding water molecules.%? 14 Different theoretical solvation approaches,
either based on purely continuum descriptions!® or atomistic Quantum Mechanics/Molecular
Mechanics (QM/MM) 617 coupled to Molecular Dynamics (MD) simulations, have been chal-
lenged to reproduce the experimental findings. 5107141823 While continuum approaches fail,
explicit QM/MM methods based either on electrostatic or polarizable schemes, yield com-
puted results in good agreement with respect to experimental values only when explicit water
molecules (either 12 or 25)!%!* are included in the QM moiety. These findings demonstrate
that a proper account of electrostatic interactions is insufficient to reproduce the experimen-
tal behavior. In addition, due to the ability of atomistic QM /MM approaches to account
for specific (hydrogen bonding) solvent effects, the need to enlarge the QM portion so to
include several water molecules clearly shows that solute-solvent non-electrostatic interac-
tions, which are neglected in standard continuum or QM /MM approaches play a crucial role
on this property.

In this letter, we demonstrate the pivotal role of QM density confinement effects on sol-



vatochromic shifts. In particular, by resorting to a QM/MM approach able to account
for confinement effects we successfully reproduce vacuo-to-water solvatochromic shifts for
n — 7 and bright 7 — 7* transitions of acrolein and n — 7* transitions of pyridine and
pyrimidine without the need of including explicit water molecules in the QM portion. It is
worth remarking that the selected systems present n — 7* and m — 7* electronic transitions,
which are of high chemical interest because among the most common in a plethora of organic
molecules. Remarkably, our approach reduces the computational effort required to obtain
reliable results and is also capable of dissecting the effects of the single forces acting on the
solute-solvent couple, so to allow for a rationalization of the experimental findings in terms

of physico-chemical quantities.

The interaction energy Egﬁa /v between the QM and MM layers within a QM /MM frame-

work can be written as:
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where Egﬁ/I /MM and ng\ld /N e the electrostatic and polarization contributions, respectively.
Eom /v 18 Pauli repulsion energy term, which accounts for the QM density confinement. It
will be modelled by resorting to the approach which has recently been proposed by some of
us,? and that is able to reproduce intermolecular interaction energies and hyperfine coupling
constants of aqueous solutes,?® in almost perfect agreement with full-QM approaches and
experiments. 2425 Our approach formulates Eou i @8 the opposite of the exchange integral

between QM and MM densities: 242723
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where (pgu) is the QM density, and the MM density (pymm) is defined in terms of s-type

gaussian functions placed at selected points in the MM portion.?* Coefficients and exponents



of such functions have been determined in a previous work of some of us,?* and successfully
coupled to different description of QM /MM coupling.?*2¢ In our approach repulsion affects
the molecular density and molecular orbitals, as well as electronic transition energies. Notice
that, differently to approximated expressions,??37 the repulsion energy definition in Eq.
2 is formally exact,?® although approximations are introduced in the definition of pyp.2*
In addition, as it is clear from Eq. 2, its definition is totally independent of the choice
of a specific QM /MM approach, and can thus be coupled to any QM/MM description of
electrostatic interactions.

Our modeling of repulsion interaction is coupled in this letter with a hierarchy of QM/MM
approaches (see Scheme 1) so to finally show that density confinement needs to be included to
get a physically consistent picture of solvatochromism. The most basic approach we exploit is
the electrostatic QM /MM embedding model (non-polarizable QM/TIP3P3®); in which each
MM solvent atom is endowed with a fixed charge ¢. To refine this basic picture, we adopt
a polarizable QM /MM based on Fluctuating Charges (FQ),® in which the charges are not
fixed, but can vary as a response to the QM electric potential (as a function of electroneg-
ativity, x, and chemical hardness, 7). In addition to FQs, in QM /Fluctuating Charges
and Fluctuating Dipoles (FQFu), each MM atom is also endowed with electric dipoles and
both charges/dipoles vary as a response to the QM electric potential and field, respectively
(as a function of y, n and polarizability, a).?5445 Both QM/FQ and QM /FQFy are based
on charge equilibration, thus Charge-Transfer between MM solvent molecules can be allowed
(QM/FQcr and QM /FQF uct). In particular, in this work, we allow intermolecular MM CT
between water molecules that are placed at a distance lower than 5 A to any QM atom. The
dependence of acrolein excitation energies on the size of the CT region (from 3.5 A to 8 A)
is reported in Table S1 in the Supporting Information (SI). Notice that charge-equilibration
based approaches, such as FQ and FQFpu, suffer from the so-called “CT catastrophe”.4°
For this reason, CT is allowed across a relatively small region (< 8 A). In all calculations,

recently reported FQ and FQFyu parametrizations are exploited. %2



The methodological approach sketched above is applied to QM /MM vertical excitation en-
ergies of acrolein, pyridine and pyrimidine in aqueous solution. To this end, in order to
account for solvent fluctuactions and to sample the phase-space, 100 uncorrelated snapshots
were extracted from MD simulations (see Sections S1 and S2.1 given as SI for more details).
Vertical excitation energies were also compared with the results obtained by including in
the QM portion the water molecules in the first solvation shell (17, 18 and 18 on average
for acrolein, pyridine and pyrimidine, respectively), and by treating the remaining solvent
molecules with FQ or FQF i force field (QM/QM,/FQ and QM/QM,,/FQFu). Absorption
energies were calculated on the same 100 snapshots extracted from MD. The results obtained
by exploiting the above super-molecule approaches are taken as a reference (in addition to
experiments) to further demonstrate the reliability and robustness of our approach. Notice
that the results obtained in this way automatically include Pauli repulsion and intermolec-
ular CT among QM water molecules. Additional calculations at the QM/PCM level, and
on full QM clusters (QM-QM,,) made of pyridine+1w (water molecule), acrolein42w and
pyrimidine+2w were also performed.

Let us first focus on the vacuo-to-water solvatochromism exhibited by acrolein. Fig. 1 shows
computed vacuo-to-water solvatochromic shifts for the n — 7* (bottom) and = — 7* (top)
transitions of acrolein (the corresponding values are reported in Tab. S2 in SI.).

The bottom part of Fig. 1, reporting the results for n — 7* transition, shows that the
continuum QM/PCM cannot reproduce the vacuo-to-water solvatochromism, whereas the
cluster-like QM-QMw slightly overestimates it. By moving to QM/MM approaches, the
non-polarizable QM/TIP3P well reproduces the experimental shift, but the inclusion of
Pauli repulsion shifts the computed value to the wrong direction, so that the experimental
value is underestimated of 20% (absolute value). A totally different picture is reported for
polarizable QM /MM approaches. In fact, both QM/FQ and QM/FQF pu (by either including
or neglecting CT effects) overestimate the experimental shift (33% on average). However,

similarly to QM /TIP3P, computed vertical transition energies decrease when confinement



(repulsion) effects are considered. Remarkably, the effect of quantum repulsion is substantial,
decreasing the solvatochromic shift of 18% on average.

In order to get more insight into the role of repulsion, in Fig. 2 ground and excited state
molecular dipole moments are reported (the corresponding data are given in Table S8 in the
SI). The reference value for the isolated acrolein at the same level of calculation are 3.5 and
1.0 Debye for ground and n — 7* excited state, respectively. We see that both the ground
and excited states are stabilized by the solvent; however, such a stabilization is larger in case
the overall attractive electrostatic solute-solvent interactions are considered. On the other
hand, repulsion acts as a confinement of the electron density and therefore the computed
dipole moments decrease for all methods. These findings are reflected by computed transition
energies (Fig. 1). In fact, the stabilization of the ground state resulting from attractive
electrostatic forces, yields a higher transition energy, which is instead reduced when the
repulsive term is included. The differences reported by the various polarizable QM/MM
approaches are due to a delicate balance between stabilization/destabilization effects of the
two (ground/excited) states.

The inclusion of CT effects between MM water molecules has an opposite effect on values
computed with QM/FQ or QM/FQF u. In fact, solvatochromic shift decreases and shifts to-
wards the experiment of almost 15% for QM /FQcr, whereas it increases (and shifts towards
the supermolecule QM/QM,, /MM value) for QM /FQFpcr. Such an opposite behavior can
be rationalized once again by looking at excited state dipole moments (Fig. 2), which de-
crease moving from QM/FQ to QM /FQcr, whereas the opposite trend is reported moving
from QM/FQFu to QM/FQFucr. This means that in the first case (QM/FQ) the inter-
molecular CT acts as repulsive force, whereas in QM/FQFyu its effects is to stabilize the
excited state. Thus, the larger vacuo-to-water solvatochromism shown by QM/FQF u is pri-
marly due to a greater stabilization of the ground state with respect to the n — 7* excited
state.

Experimental values are exactly reproduced by QM /FQcr+rep and QM /FQF u+rep, whereas



they are overestimated (in absolute value) by QM /FQ+rep and QM /FQF cr+rep.

We now move to the bright 7 — 7* transition of acrolein. The results depicted in Fig. 1 (top)
show that both QM/PCM and cluster-like QM-QMw approach cannot properly model this
transition. The same applies to QM /TIP3P, which totally fails to reproduce the experiment,
giving an error of 44% and exceedingly 67% if repulsion effects are considered.

The results obtained in case of polarizable QM /MM approaches retrace those already dis-
cussed for the dark transition, with QM/FQcr giving a perfect agreement with the ex-
periment when confinement effects are included; again, QM/FQF ucr +rep shows the best
agreement with QM/QM,, /MM solvatochromic shifts. The effect of Pauli repulsion is in
this case larger than for n — 7* transition, with a contribution that reaches 41% in case of
QM /TIP3P. It is worth noticing that in this case confinement effects act in opposite direction
with respect to n — 7* excitation. These findings may be explained by the fact that in case
of m — 7* transition, the destabilization of the excited state due to the density confinement
is predominant with respect to that of the ground state (see also dipole moment values re-
ported in Table S8 in the SI, which confirm this trend); therefore, excitation energies shift
to higher values.

Remarkably, the role of MM intermolecular CT effects is opposite with respect to the dark
n — 7 transition; also, such effects seem to be crucial, shifting the values of 35%, on
average. In fact, the overall effect of CT is to stabilize the excited state for QM /FQ and
QM/FQFu calculations, thus resulting in larger vacuo-to-water solvatochromism. Therefore,
Pauli repulsion and intermolecular CT act for this transition in opposite directions, so that
their effects tend to cancel out (see Fig. 1 (top) and Fig. 2). We also note that CT effects
are formulated in FQ and FQFu in a similar way. Numerical differences are hidden in the
actual numerical values of the elements of the linear equations that need to be solved (see
Refs.?6 and*!). For this reason, the numerical entity of CT and electrostatic interactions is
difficult to quantify.

To end the discussion on acrolein, in Fig. 3, 12 selected molecular orbitals (both occupied



and virtual) of a randomly selected snapshot extracted from the MD are depicted. Both
molecular orbitals obtained by either including or discarding Pauli repulsion are considered.
As it is evident, the impact of quantum confinement on molecular orbitals is impressive.
Also, virtual orbitals (from 17 on) are shrunk when Pauli repulsion is added; therefore, the
aqueous solution has, as expected, a confining effect on the QM density. In light of such
findings, remarkably our approach has the potentiality to solve some of the common issues
related to the study of Rydberg states.

To further demonstrate the reliability and robustness of our approach, it is also applied to
pyridine and pyrimidine, of which vacuo-to-water solvatochromism has been investigated
both by exploiting QM /continuum and atomistic QM /MM approaches. 7444750
Solvatochromic shifts as obtained by exploiting different computational approaches are shown
in Figs. 4 (values are given in Tables S5 and S7 in the SI). Computed data show a similar
behaviour as for acrolein. For both molecules, the continuum QM/PCM and the cluster-like
approach (QM-QM,,) cannot reproduce experimental data. Therefore, it comes out that
the inclusion of a minimal number of water molecules in the QM moiety is not a suitable
approach to solvation, because dynamical and bulk effects are inappropriately modeled.
Moving to QM /MM approaches, non-polarizable QM /TIP3P apparently yields solvatochromic
shifts in agreement with experiments and QM/QM,,/MM data, however the agreement de-
creases when confinement effects are considered. Both polarizable QM /FQ and QM/FQF
approaches overestimate solvatochromic shifts, however the inclusion of Pauli repulsion shifts
the results towards the experimental values. For all considered approaches, quantum con-
finement has a disruptive impact on the computed solvatochromisms, shifting the values of
almost 30/40% on average. The same trend is also shown by computed dipole moments (see
Fig. S4 and Table S8 in the SI). In particular, excited state dipole moments substantially
decrease (30% on average) due to Pauli repulsion effects, thus also explaining the reported
trends in Fig. 4. Similarly to acrolein n — 7* transition, also in this case intermolecular CT

plays an opposite role in QM/FQ and QM/FQF u. Again, such findings can be explained by



the destabilization that occurs moving from QM/FQ to QM/FQcr, in which intermolecular
CT has overall a repulsive effect (see Fig. S4 in SI).

To summarize, for pyridine QM /FQcr is in best agreement with experiments (deviation of
3%), whereas QM/FQFu (regardless the inclusion of CT effects) shows an almost perfect
reproduction of reference calculations. For pyrimidine, the best agreement with the experi-
mental value is shown by QM/FQ (6%), however, due to the error bar associated to exper-
imental data, all polarizable QM /MM approaches (with the only exception of QM /FQF )

give solvatochromic shifts lying within the experimental error.

To conclude, we have demonstrate the crucial role of QM density confinement on the de-
scription of solvatochromic shifts. In particular, our results show that excellent agreement
with experimental data, not biased by error cancellation, can be obtained by resorting to
QM /MM approaches capable of accounting for quantum confinement effects. Our QM /MM
calculations are performed on structures extracted from MD simulations. Therefore, the
results depend on the reliability of the force field, and on the quality of the sampling of the
MD trajectory, which might be both refined by resorting to QM /MM MD. Our approach
differs from alternative formulations of non-electrostatic terms,?’ and, remarkably, it is much
more general so that it can be coupled to any kind of QM /MM approaches, either based on
electrostatic- or polarizable-embedding. Potentially, all scientists interested in performing
electronic spectra calculations in solution can couple their favorite QM/MM approach to
our model for Pauli repulsion. Remarkably, the proposed modeling is not limited to the
description of solvatochromic shift; due to its generality, it paves the way to a reliable and
physically-consistent modeling of the properties of systems dominated by quantum confine-

ment effects, such as DNA or proteins.
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Computational protocol and computational details. MD Analysis of Acrolein in aqueous
solution. Acrolein, pyridine, pyrimdine wy, LR, cLR transition energies. Data related to
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QM/MM: ele + rep

QM/MM: ele + CT

MM: TIP3P [ q ]
MM: FQ [q (x.n) ]
MM: FQFp [ q,p (y,n,) ]

MM: TIP3P [ q ]
MM: FQ [q (%) ]
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MM: FQFp [ q.p (x.n,) |

MM: FQ [q (x.n) ]
MM: FQFp [ q,p (x.n,o0) ]

Scheme 1:

Hierarchy of QM/MM approaches adopted in this work. a.

electro-

static/polarizable embedding: QM/MM interaction described by means of electrostatic-only
terms. b. In addition to the electrostatic coupling, Pauli repulsion contribution is considered
between the QM solute and the water molecules which are placed at distance lower than 5.0
A. c. Intermolecular CT between solvent water molecules (which are placed at a distance
lower than 5.0 A from the QM) is allowed. d. Super-molecule QM/QM,, /MM approach:
the first solvation shell (distance lower than 3.5 A) is included in the QM portion, whereas
the remaining solvent molecules are described by means of FQ and FQFu force fields.
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Figure 1: Computed and experimental n — 7* (bottom) and m — 7* (top) vacuo-to-water
solvatochromic shifts of acrolein. Reference computed (CAM-B3LYP /aug-cc-pVDZ) vacuo
vertical excitation energies: n — 7* 3.78 eV (exp.'? 3.69 eV); 7 — 7* 6.40 eV (exp.'? 6.42
eV). Horizontal dashed lines following the experimental data are drawn to guide the eye.
Values are given in Table S2 in the SI. All data are reported in eV.
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Figure 2: Computed QM/FQ, QM/FQcr, QM/FQFu and QM /FQFucr acrolein ground
and excited state molecular dipole moments. Values are reported in Table S8 in the SI. All

data are given in Debye.
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Figure 3: Selected acrolein molecular orbitals for a randomly chosen snapshot extracted from
the MD simulation. QM/FQ and QM/FQ+rep values are depicted. Isovalue = 0.02.
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Figure 4: Computed (M06/6-311+G(2df,2p)) and experimental vacuo-to-water solva-
tochromic shifts for pyridine (top) and pyrimidine (bottom). Reference computed (M06/6-
311+G(2df,2p)) vacuo vertical excitation energies: for pyridine n — 7* 4.67 eV (exp.” 4.63
eV); for pyrimidine n — 7* 4.17 eV (exp.” 4.1840.01 eV). Horizontal dashed lines following
experimental values are drawn to guide the eye. Values are given in Tables S5 and S7 in the
SI. All data are reported in eV.
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