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ABSTRACT: The optical properties of chromophores embedded
in a water-solvated dimer of octa-acid that forms a molecular-
shaped capsule are investigated. In particular, we address the
anisotropic dielectric environment that appears to blue-shift
excitation energies compared to the free aqueous chromophores.
Recently we reported that using an effective scalar dielectric
constant ε ≈ 3 appears to reproduce the measured spectra of the
embedded coumarins, suggesting that the capsule provides a
significant, albeit not perfect, screening of the aqueous dielectric
environment. Here, we report absorption energies using a theoretical treatment that includes continuum solvation affected by an
anisotropic dielectric function reflecting the high-dielectric environment outside of the capsule and the low-dielectric region within.
We report time-dependent density functional theory calculations using a range-separated functional with the Poisson boundary
conditions that model the anisotropic dielectric environment. Our calculations find that the anisotropic environment due to the
water-solvated hydrophobic capsule is equivalent to a homogeneous effective dielectric constant of ≈3. The calculated values also
appear to reproduce measured absorption of the embedded coumarin, where we study the effect of the hydrophobic capsule on the
excited state.

■ INTRODUCTION

The most widely used implicit solvation models in quantum
chemistry are polarizable continuum models (PCMs),1−5

wherein electrostatic interactions between solute and solvent
are included by modeling the latter as a continuous dielectric
medium characterized by a scalar dielectric constant, ε. The
PCM maps the three-dimensional Poisson equation that
describes the continuum electrostatics problem onto a two-
dimensional surface charge problem,4 making it a computa-
tionally efficient means to describe a homogeneous solvation
environment. PCMs have recently been combined with range-
separated hybrid (RSH) functionals to describe the heteroge-
neous solvation environment of the special pair in bacterio-
chlorophylls,6,7 in which two semisymmetric branches of
pigments are embedded in distinct embedding protein
environments, and charge transfer (CT) is understood8 to
proceed down the branch affected by a larger dielectric
constant.9

For applications such as these, there have been some
attempts to implement PCM-like schemes having different
dielectric constants (ε1, ε2, ...) for distinct spatial regions.10

PCMs were extended to study solutes at the surface of the
solvent.11−13 A more general version of this idea is to solve a
generalized Poisson equation for an environment that is
represented by a continuously varying dielectric function,
ε(r  ).14−16 This model, the Poisson equation solver (PEqS),

can be used to represent anisotropic solvation environments
such as the air/water interface14,15 and has recently been
extended to include the effect of dissolved electrolytes.16

In the present work, we use a generalized version of the
PEqS to describe electronic excitations of coumarin dyes in an
anisotropic solvation environment arising from encapsulation
within a supramolecular capsule constituted from a dimer of an
octa-acid,17,18 which is itself solvated in water. Supramolecular
systems are often used to encapsulate nonpolar molecules that
function as donors in a charge transfer process, with a water-
soluble molecule functioning as the acceptor.18−20 The capsule
and the investigated three coumarins are illustrated in Figure 1.
There is wide interest to improve our understanding of the

photochemical and photophysical properties, spectroscopy,
and CT dynamics of guest organic molecules in confined
systems.21−27 The hydrophobic capsulelike shell formed by the
octa-acid dimer shields the embedded chromophores,21−27 and
our own recent computational study finds that an observed
blue-shift in the excitation energy upon encapsulation is well
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described by an effective dielectric constant, εeff ≈ 3.0.28

Operationally, it seems that the capsule environment effectively
shields the chromophore from the high-dielectric environment
of the aqueous medium, such that the chromophore
experiences an effective dielectric constant consistent with
expectations for hydrophobic organic matter.
Below we revisit the same system using the PEqS solvation

model to examine absorption spectra of guest coumarins C-1,
C-153, and C-480 (Figure 1),18,19 inside the water-solvated
octa-acid capsule.29 The PEqS model affords a more incisive
description of the anisotropic solvation environment, in
contrast to the PCM approach used in our previous study.28

To the best of our knowledge this is the first calculation of
electronic excited states in an anisotropic dielectric enviorn-
ment. We calculate excitation energies for the various
coumarins subject to a dielectric constant of εin inside the
capsule (whose value we shall explore) and a dielectric
constant εout = 78 outside, which we fix at the value for water.
The dielectric function ε(r  ) used in the PEqS model smoothly
interpolates between these two limits, as described in previous
work.15 Figure 2 provides a schematic representation of our
computational model. (Contrast with the isotropic picture that
involves an effective dielectric constant represented in the
inset.)

■ COMPUTATIONAL PROCEDURE
RSH functionals, also known as long-range corrected (LRC)
functionals, have been shown to provide physically meaningful
energy levels for frontier molecular orbitals.30−33 Combina-
tions of such functionals with PCM have been benchmarked
successfully to address condensed-phase systems.30,31,34−36 We
employ the LRC-ωPBE functional37,38 with several PCMs, as
described below. The range separation parameter ω is tuned in
the gas phase following the J2 scheme.39−42 As determined in
our previous work,28 the range separation parameters are
0.020, 0.026, and 0.024 bohr−1 for C-1, C-153, and C-480 in ε
= 78. For geometries optimized using ε = 3, the corresponding
tuned values of ω are 0.072, 0.069, and 0.069 bohr−1.

Optimized geometries are also taken from earlier work.28 All
calculations were performed using a locally modified version of
the Q-Chem program.43

Excited-state energies of the embedded coumarins are
computed using time-dependent density functional theory
(TDDFT) and the 6-31G(d) basis set unless otherwise noted.
The PEqS solvation model15 is used to polarize the ground-
state molecular orbitals and corresponding energy levels, which
are subsequently used in the TDDFT framework. In other
words, there is no additional excited-state contribution from
PEqS, which thus corresponds to a sort of “zeroth-order”
solvation approach to TDDFT.44 For PCMs, one can go
beyond this zeroth-order picture by means of a nonequilibrium
formalism that incorporates the solvent’s response to a sudden
change in the electron density of the solute, using the excited-
state density and the solvent’s optical dielectric constant.45−48

A perturbation theory, state-specific (ptSS) version of the
nonequilibrium PCM formalism has recently been developed
by Herbert and co-workers.44,49,50 The use of perturbation
theory avoids certain problems that are normally inherent to
state-specific corrections, including convergence difficulties in
cases of near degeneracy and lack of orthogonality between the
wave functions for different states.51 One could easily envisage
a corresponding PEqS(ptSS) method, but this has not yet been
implemented for excitation energies. (A nonequilibrium PEqS
approach to vertical ionization has been reported.14,15) The
integral equation formalism (IEF) version of PCM is used for
these calculations,52,53 as implemented in Q-Chem.54,55 Solute
cavities for IEF-PCM calculations were constructed using the
standard procedure of atomic van der Waals (vdW) radii
scaled by a factor of 1.2.4 We will estimate the magnitude of
the nonequilibrium correction using TDDFT/PCM(ptSS)
calculations for the free aqueous coumarins based on the
IEF-PCM. We compared the ptSS approach to an “equili-
brium” (or zeroth-order) solvation method in which ground-
state molecular orbitals are polarized using the static dielectric
constant and then a conventional TD-DFT calculation is
performed using these solvent-polarized orbitals, without the
nonequilibrium correction that is included at the IEF-

Figure 1. Octa-acid capsule and the guest coumarins: C-1
(C14H17NO2), C-153 (C16H14F3NO2), and C-480 (C16H17NO2).
The atomic coordinates are provided in the Supporting Information.

Figure 2. Schematic representation of the dielectric environment for a
water-solvated capsule containing a guest coumarin chromophore.
Dielectric constants εin and εout are associated with spatial regions
inside and outside of the capsule volume, respectively, with the latter
(εout = 78) representing aqueous solvation. The insert represents a
simpler picture where an effective dielectric constant, εeff, describes
screening due to the water-solvated capsule.28
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PCM(ptSS) level. (This “equilibrium” approach to TD-DFT/
PCM has elsewhere been called the “PTE” approach.50) For
brevity, we refer to the IEF-PCM(ptSS) approach, which
includes the nonequilibrium corrections, as simply “ptSS”. The
optical dielectric constant in the calculations reported below is
set to that of water, 1.78.
The PEqS solvation model represents an exact solution (up

to discretization errors) to the generalized Poisson equation
defined by the dielectric function ε(r  ). As such, this method
affords an exact solution to the volume polarization problem in
reaction-field theory.56,57 Volume polarization refers to the fact
that the tail of the solute’s density penetrates beyond the cavity
that separates the atomistic solute from the continuum solute,
and the polarization resulting from this tail of the wave
function is described only approximately within the IEF-PCM
approach.4,58 On the other hand, IEF-PCM can use a sharp
dielectric boundary between solute and solvent, whereas for
PEqS this boundary must be smoothed,14,15 as is also done in
classical biomolecular Poisson−Boltzmann electrostatics cal-
culations.59

The dielectric function ε(r  ) that is used in the PEqS
calculations is constructed by interpolating between limiting
values εcav = 1 (in the atomistic region described by quantum
chemistry), εin (an intermediate value that provides a
continuum description of the environment inside of the
capsule), and εout = 78 (representing aqueous solvation outside
of the capsule). This interpolation, which is depicted
schematically in Figure 3, occurs along vectors r  that emanate
radially from the nuclei. The two separate interpolations are
centered at radial distances indicated by r1 and r2 in Figure 3.
Up to r1 is the coumarin cavity, which is described at the
atomic level using a dielectric constant ε = 1. The boundary at
r1 corresponds to the vdW surface60 of the coumarin, at which
point the continuum environment turns on, with a dielectric
constant εin that is taken to be a parameter of the model, but
which has a value representing the hydrophobic capacity of the
nonpolar organic capsule. At the surface of the octa-acid
capsule (r2 in Figure 3), the dielectric constant is increased to a
value εout = 78 due to the solvent. We denote this setup as
PEqS(εin:εout). A two-dimensional contour plot of the
dielectric function ε(r  ) around the coumarin chromophore is
provided in Figure S1 of the Supporting Information.
The use of two different surfaces to define ε(r  ) is

implemented and tested here for the first time, but other
details of the PEqS algorithm are the same as the equilibrium
solvation approach that is described in ref 15. We use a
numerical value δr = 2.75 Å for the length over which the
interpolation of ε(r  ) between limiting values takes place; see
Figure 3. A 161 × 161 × 161 Cartesian discretization grid is
used for the PEqS calculations, extending between ±20 Å in
each dimension for a grid space Δx = 0.25 Å, consistent with
previous convergence tests.15 Below, the PEqS models are
compared to simplified models noted as “PEqS*”. The PEqS*
models are obtained by replacing the capsule surface with a
single sphere of radius set to 10 Å or as noted. Another (1:78)
PEqS* model is achieved by significantly increasing the atomic
vdW radii by a factor of 10 or as noted. We also set up (1:ε)
models by increasing the atomic radii in IEF-PCM and IEF-
PCM(ptSS) calculations. We indicate these (1:ε) calculations
below as “IEF*” and “ptSS*”. In particular, we are using the
IEF* and ptSS* (with the significantly larger atomic radii) to
compare to PEqS(1:78) and PEqS(1:3). (We emphasize that
IEF*/PtSS* and PEqS* establish simplified (1:78) setups for

representing a coumarin captured within a perfectly screened
region by increasing the molecular solute surface. Indeed, the
PEqS* results as shown below are in excellent agreement with
the PEqS (1:78) values that are based on the actual capsule
surface for generating the dielectric interface. The PEqS*
values do not appear to depend significantly on the actual
factor increasing the atomic radii or the sphere size used in
setting up these models.)

■ RESULTS AND DISCUSSIONS
PCMs describe the solute−solvent electrostatic interactions in
terms of a single, scalar dielectric constant (ε) for a continuum
environment that is assumed to be isotropic. In previous
work,28 we described the effects of electrostatic screening by
the octa-acid capsule using an effective dielectric constant (εeff)
that was obtained by systematically varying ε from its gas-
phase value (ε = 1) to its aqueous value (ε = 78), comparing
the TDDFT/PCM excitation energies to values measured
experimentally for coumarins enclosed in the octa-acid capsule.
Experimentally measured shifts in the excitation energies,
relative to free coumarins in aqueous solution, are reproduced
quite well by an effective dielectric constant εeff = 3.28 (We

Figure 3. Illustration of the interpolation (between limiting values εcav
= 1, εin, and εout = 78) that is used to define the dielectric function
ε(r  ) for PEqS(1:78) calculations. This interpolation takes place along
vectors pointing radially outward from the center of a coumarin atom,
according to the following procedure. (a) A first interpolation
between ε = 1 and ε = εin (represented here by the value εin = 3) is
centered at the boundary of the vdW surface,60 i.e., r1 represents an
atomic vdW radius. (b) A second interpolation to a value ε = 78
occurs at a distance r2 that represents the boundary of the molecular
capsule. In both cases, the length of the interpolation is taken to be δr
= 2.75 Å.
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compare calculated vertical excitations to maxima of the
measured spectral bands.19)
Before we proceed to consider a more meaningful

anisotropic dielectric function, we first consider the free
coumarins in aqueous solution using several different solvation
models. These are listed in Table 1 for both ε = 78 and the

previously determined effective value of ε = 3. (cc-pVTZ
values listed in Supporting Information Table S1 are within
0.05−0.1 eV lower, and 6-31+G(d) values are at around 0.1 eV
lower). We note that the equilibrium versions of IEF-PCM
energies are in good agreement with those obtained using
PEqS solvation, with differences smaller than 0.03 eV. This
comparison indicates that differences related to the treatment
of volume polarization, discretization, and the smoothing of
the dielectric function at the solute/continuum interface have
very small numerical effects. In addition, we note that the
nonequilibrium (ptSS) correction to the equilibrium IEF-PCM
solvation energy ranges from −0.02 to −0.04 eV.
Next we address the absorption energies of the guest

coumarins, using the function ε(r  ) in the anisotropic PEqS
(εin:εout) calculations as described above; see energies listed in
Table 2. We first note that TDDFT/PEqS(1:78) excitation

energies are equivalent within 0.05 eV to the simpler PEqS*
setup based on increasing vdW atomic radii and additional
(1:3) energies included in Supporting Information Table S2,
indicating that there is only a weak dependence of the
calculated excitation energies on the actual setup of ε(r  ) for
addressing the dielectric interface due to the molecular capsule.
Also important is the observation that the PEqS*(1:78)
energies agree with the corresponding IEF* energies to within
0.001 eV, which presents a significantly tighter agreement than

in the isotropic cases described above. (The IEF* values were
obtained by increasing the vdW atomic radii by a scale factor
of 10.) In addition, we find that the IEF-ptSS* energies bear a
negligible nonequilibrium correction that is in all cases smaller
in absolute value than 0.001 eV compared to the already small
ptSS correction of about 0.02 eV in the isotropic cases.
Additional PEqS(1:3) values, demonstrating a similar trend,
are listed in Supporting Information Table S2. Also included in
Table S2 are (1:78) energies obtained using 6-31+G(d) that
are consistently around 0.1 eV smaller than the 6-31G(d)
energies, similar to the basis set trend found above for the free
solvated coumarins in Table 1.
We also address the effect of the coumarin to move within

the capsule cavity, by rotating the molecules about the main
axis of the capsule that is of an ellipsoid shape (see illustration
in Supporting Information Figure S2). As shown in Supporting
Information Table S3, the excitation energies remain within
0.05 eV for the three considered orientations. We note that
fully quantifying the flexibility of the coumarins to move within
the capsule remains an open question. Similarly the effect of
cocapturing solvent molecules within the cavity is another
important aspect that should be addressed in future studies.
TDDFT/PEqS(1:78) excitation energies are in good

agreement with those obtained using a single, isotropic
dielectric constant of εeff = 3, with differences of less than
0.05 eV as seen in Table 3. (Here, PEqS* values, which are

within 0.02 eV from the PEqS values, were obtained using a
sphere to form the outer interface starting at 10 Å. Results with
spheres of other radii are included in Supporting Information
Table S4.) We therefore find that an anisotropic dielectric
environment, where the coumarin is embedded within a
perfectly hydrophobic molecular capsule in aqueous solution,
corresponds closely to a homogeneous environment of εeff ≈ 3.
This is in agreement with the finding of our previous study.28

Furthermore, we find that TDDFT/PEqS(1:78) excitation
energies are in good agreement with the measured values for
C-1 and C-480, suggesting that the hydrophobic capsule
perfectly shields water’s solvation effects from the coumarin,
which therefore experiences a dielectric environment more
consistent with nonpolar organic matter. However, in the case
of C-153, the TDDFT/PEqS(1:78) result overestimates
experiment by 0.2 eV. As reported before, the excitation
energies tend to red-shift as the dielectric constant is
increased.28 Indeed we find that an increase of εin lowers the
C-153 excitation from 3.08 to 2.99 eV with εin = 2 and further
reduces it to 2.96 eV with εin = 3.
The different behavior indicated for C-153, where the

capsule is not perfectly hydrophobic, may result from the

Table 1. TDDFT Excitation Energies (eV) of Free Solvated
Coumarins Using Various Isotropic Continuum Solvation
Modelsa

TDDFT

ε

IEF-PCM

coumarin expt. ptSS equilibrium PEqS

C-1 3.41 3.45 3.48
3 C-153 3.06 3.09 3.11

C-480 3.23 3.26 3.27
C-1 3.26b 3.22 3.26 3.28

78 C-153 2.88b 2.91 2.93 2.94
C-480 3.13b 3.11 3.13 3.13

aSee Supporting Information Table S1 for cc-pVTZ and 6-31+G(d)
based energies. Measured values in solvated capsule are discussed in
the main text. bFor the free coumarin in water.61

Table 2. TDDFT Excitation Energies (in eV) Using the
Anisotropic (1:78) Solvation Modela

coumarin PEqS PEqS*b/IEF*b

C-1 3.43 3.47
C-153 3.08 3.13
C-480 3.26 3.27

aAdditional values obtained at the 6-31+G(d) basis set and
anisotropic (1:3) model are provided in Supporting Information
Table S2. Nonequilibrium correction calculated using the ptSS* level
is smaller than 0.001 eV in absolute value in all cases. bUsing
increased atomic radii.

Table 3. TDDFT Excitation Energies for Encapsulated
Coumarins

TDDFT

coumarin expt.a
PEqS (εeff =

3)c
PEqS*b
(1:78)

PEqS
(1:78)d

PEqS*b
(3:78)

C-1 3.43 3.48 3.46 3.43 3.30
C-153 2.93 3.11 3.13 3.08 2.96
C-480 3.28 3.27 3.27 3.26 3.14

aFrom refs 19 and 28. bUsing a spherical outer interface. Other
choices for the radius can be found in Supporting Information Table
S4. cUsing a single vdW cavity for the coumarin. dUsing (εin:εout) as
described in the text.
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electronegative fluorine atoms, which the molecular capsule
can only partially shield. The collective Mulliken charge of the
three fluorine atoms in C-153 is −0.69e while that of the
carbon atom in the CF3 moiety is +0.71e. In comparison,
Mulliken charge on carbon in the corresponding CH3 group of
C-1 and C-480 is about −0.6e. The resulting molecular dipoles
are presented in Supporting Information Figure S3. The effect
of fluorination in C-153 is to align the dipole along the main
molecular axis, whereas for C-1 and C-480 the dipole moment
is skewed in relation to the axis of the benzopyrone moiety.

■ CONCLUSIONS

Excitation energies of coumarins embedded within a molecular
capsule formed from an octa-acid dimer are computed using
TDDFT with various continuum solvation models, including
one based on an anisotropic dielectric function, ε(r  ).15 The
molecular capsule forms a hydrophobic shell, within which
nonpolar organic chromophores can be inserted, forming one-
half of a solvated donor−acceptor pair for photoinduced CT
reactions in aqueous solution.17−19,62 The PeqS allows to
directly study the role of the hydrophobic capsule to screen the
solvent dielectric and affect the electronic excitation energies of
the captured chromophores. Using the generalized PEqS,15 we
can model the environment around the encapsulated
chromophore in terms of an inner, low-dielectric environment
along with an outer, high-dielectric environment representing
aqueous solvation.
In practice, we find that the anisotropic description is

equivalent to an earlier model28 in which the coumarin dye is
surrounded by a homogeneous dielectric environment
characterized by a single, effective dielectric constant εeff = 3.
Computed excitation energies are in good agreement with
those measured experimentally for the aqueous host−guest
system. In the case of C-153, the electronegative CF3 moiety
appears to diminish the hydrophobic capacity of the capsule.
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