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ABSTRACT: Encapsulation of dye molecules is used as a
means to achieve charge separation across different dielectric
environments. We analyze the absorption and emission spectra
of several coumarin molecules that are encapsulated within an
octa-acid dimer forming a molecular capsule. The water-
solvated capsule effect on the coumarin’s electronic structure
and absorption spectra can be understood as due to an
effective dielectric constant where the capsule partially shields
electrostatically the dielectric solvent environment. Blue-
shifted emission spectra are explained as resulting from a
partial intermolecular charge transfer where the capsule is the
acceptor, and which reduces the coumarin relaxation in the
excited state.

B INTRODUCTION

Creating and maintaining an effective and robust interface
between donor and acceptor moieties of a charge transfer (CT)
process is a key challenge to advancing optoelectronics
applications and research." Donor and acceptor moieties have
been coupled through molecular bridge chemical synthesis,”””
and more recently interfaces consisting of molecular cages and
supramolecular assemblies were used to facilitate CT between
nonpolar donors and water-soluble acceptors.®”'" The
molecular encapsulation also offers a means to tune
optoelectronic properties through control of the interaction
between the donor and acceptor moieties. For example,
encapsulation can assist charge separation in photovoltaic
systems by limiting competing charge recombination pro-
cesses.

One of our groups has recently encapsulated coumarin (C)
dyes in a cavity formed by a dimer of octa-acids (OA,)."” In
these C—OA, complexes, the nonpolar coumarin is protected,
while being effectively solvated in water through the capsule
hydrophilic outer layer. The hydrophobic protective inner shell
of OA, consists of aromatic rings creating a relatively inert
chemical environment, while the hydrophilic outer shell
consists of 16 carboxyl groups. The capsule and a coumarin
within it are illustrated in Figure 1. (See the chemical structure
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of OA in the Supporting Information (SI), Figure S1.) Three
coumarin molecules, introduced in Figure 2, are investigated as
guest molecules.

Electron transfer from the encapsulated coumarin to a freely
dissolved electron acceptor in the aqueous solvent environ-
ment—across the molecular wall of a host cage—has been
studied using femtosecond time-resolved optical spectroscopy
with methyl viologen (MV?*) as the water-soluble electron
acceptor.”” Nevertheless, there remains a need to account for
the optoelectronic properties of the guest molecules. To
achieve this goal, we develop computational models to explain
at the molecular level measured spectral trends of the
encapsulated coumarins.

We show that a primary effect of the capsule on the guest
molecule is to partially screen the electrostatic environment due
to the aqueous solution, and that this effect can be represented,
when studying the spectra of the guest molecule, using an
effective dielectric constant. In earlier studies by combining
molecular dynamics (MD) simulations with NMR studies, we
showed that molecules of the size of the considered coumarins
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Figure 1. Octa-acid capsule with a C480 coumarin guest molecule.
Coordinates of the optimized geometry at the B3LYP/6-31G(d) level
are provided in the SI
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Figure 2. Considered coumarins: C1, C153, and C480. Coordinates of
the optimized geometries at the B3LYP/6-31G(d) level are provided
in the SL

are expected to fit well, with no substantial distortion, within
the capsule cavity."”> We then address the fluorescence spectra,
which are significantly blue-shifted upon encapsulation. In
particular, we explain the capsule role to shield the dielectric
environment, an effect that can be represented by an effective
dielectric constant, which mitigates photoinduced charge
transfer. Our computational studies associate the blue shift of
the spectra (relative to those of the free solvated coumarins) to
a partial CT process, where the capsule is the acceptor.

We employ time-dependent density functional theory
(TDDFT)'*"® with a polarizable continuum model
(PCM)M_20 to calculate coumarin spectra in various environ-
ments. Our computational approach has been used to study
several CT processes providing unique insight at the molecular
level, while reliably reproducing measured spectra.”' ~**

Our goal in this study is twofold: First, we provide an
important benchmark of the calculated TDDFT/PCM
excitation energies to reproduce measured absorption and
fluorescence spectra of freely solvated dye molecules.”> We

then extend the approach to address the encapsulation effect on
the coumarin spectra.

B METHODS

Excited-state energies of solvated systems are calculated at two
TDDFT/PCM levels. At the perturbative linear response
(ptLR) level,'” only the first order response to the reaction field
representing the dielectric environment is invoked,”*” whereas
at the perturbative state-specific (ptSS) level the effect of the
dielectric on a specific excited state density is eval-
uated."”"*?*7** In either case, the solvent’s optical dielectric
constant is used to describe electronic polarization upon
excitation.'”'® Excited-state geometries used to calculate
emission energies are optimized at the ptLR level.

We employ the range-separated hybrid (RSH) functional
LRC-wPBE,*”*® which achieves reliable CT excitation energies
in TDDFT calculations.**™* The success of RSH functionals in
describing CT states builds on the proper description of the
long-range exchange—correlation potential that leads to
physically meaningful frontier orbitals.”’~** The range-separa-
tion parameter is tuned for each dielectric constant following
the J2 scheme.” " All calculations were performed using Q-
Chem v. 4.3.1."7

B RESULTS AND DISCUSSION

Freely Solvated Coumarins. We start by analyzing the
excited states of free coumarins in various solvents. The solvent
dielectric constant strongly affects the frontier orbital energies,
where the highest-occupied molecular orbitals (HOMOs)
localize toward the amine group and the lowest-unoccupied
MOs (LUMOs) are localized toward the carboxyl group. The
frontier orbitals are illustrated in Figure 3 for two different
dielectric constants: € = 78.5, representing water, and € = 3,
representing a nonpolar solvent. For all three coumarin guests,
the orbital gap decreases from over 7 eV in the gas phase to
about 3 eV in aqueous solution. Similar destabilization of the
HOMO is observed for all three coumarins; a relatively smaller
stabilization is found for the LUMOs. However, for the C153
molecule that has a stronger electron withdrawing group (CF,
substitution), the LUMO is stabilized by about 0.5 eV more
than in the other two cases. The frontier orbital energies,
ionization potentials (IPs), and electron affinities (EAs)
calculated for several different solvent dielectric constants are
listed in Table 1. (The dielectric constants are given in SI,
Table S1.)

The RSH-based orbital energies are in good agreement with
the IP/EA energies, whereas B3LYP values are underestimated,
as expected from functionals that bear a constant fraction of
exact exchange.48_50 (B3LYP energies are listed in the SI, Table
S2, with orbitals illustrated in Figure S2.) The range separation
parameter (@) is also quite strongly dependent on the solvent
dielectrics, decreasing with the dielectric constant, indicating
that the length scale at which long-range exchange is switched
on increases with the dielectric constant. For all three
coumarins, the tuned @ value drops by an order of magnitude
moving from the gas phase into aqueous solution. For example,
in C480 the @ parameter is 0.245 in the gas phase and 0.024 in
water. Similar trends of decreasing range separation parameter
due to the dielectric constant were reported in previous
studies. ">

We next benchmark the computational approach to calculate
electronic excited states by considering the spectra of
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Figure 3. Frontier molecular orbital (MO) energies of C1, C153, and C480. The MOs are calculated at the LRC-wPBE functional.

Table 1. HOMO and LUMO Energies, Ionization Potential
(IP), and Electron Affinity (EA) Calculated at the Level of
LRC-wPBE/6-31G(d) in Different Solvents”

b

solvent ® &n & P EA
C1
gas 0.245 -7.10 0.43 —7.53 0.38
cyclohexane 0.100 —5.88 -0.57 -5.90 —-0.53
ethyl acetate 0.045 =519 —128 -5.25 -120
ethanol 0.028 —4.95 —1.58 —5.04 —-1.47
acetonitrile 0.026 —4.92 —1.60 -5.01 —-1.50
glycerol 0.026 —4.92 —1.60 —-5.50 —1.51
water 0.020 —4.90 —1.65 —4.99 —1.583
C153
gas 0.236 =7.13 0.13 =7.03 0.16
cyclohexane 0.097 -5.93 —1.03 —5.94 —0.98
ethyl acetate 0.045 —5.22 -1.71 =5.21 -1.61
ethanol 0.027 —4.98 -2.01 —5.04 —1.88
acetonitrile 0.026 —4.95 —0.07 —5.02 —1.91
glycerol 0.026 —4.92 —2.06 =5.01 -191
water 0.026 —4.92 —2.06 —4.99 —-1.94
C480
gas 0.235 —6.88 0.44 —6.80 0.40
cyclohexane 0.090 —5.68 —0.54 =571 —0.50
ethyl acetate 0.045 —-5.00 -122 —5.08 -1.16
ethanol 0.028 —4.79 —-1.52 —4.87 —1.43
acetonitrile 0.028 —4.76 -1.55 —4.41 -1.31
glycerol 0.024 —4.76 —1.55 —4.39 -1.30
water 0.024 —4.73 —1.60 —4.81 -1.50

“Energies are in eV. “The range separation parameter, @ (in bohr™),
that is tuned for each solvent.

coumarins in several solvents of dielectric constants ranging up
to that of water.” Calculated excitation energies lie within 0.1

eV of measured values for all solvents except for ethyl acetate,
where the errors are just a bit larger; see Table 2. Excitation
energies computed with the cc-pVTZ basis set (see Table S3 in
the SI) confirm that these values are converged with respect to
basis set. (For the cc-pVIZ calculations, we use the
parameter determined for 6-31G(d).) Calculated energies of
higher excited states at various dielectric constant values are
included in the SI, Figure SS5.

All the low-lying 7—n* S states correspond to a HOMO—
LUMO transition and therefore involve partial intramolecular
CT, though still associated with a relatively large oscillator
strength. Higher-energy states have oscillator strengths that are
smaller by at least 1 order of magnitude. The red shift of the
lowest excited-state energies increases with the polarity of the
medium, reflecting the intramolecular CT character from the
aromatic amine group (donor) to the carbonyl group
(acceptor). The corresponding detachment—attachment den-
sities of these CT states are illustrated in the SI, Figure S6,
where these densities are as expected dominated by the
HOMO and LUMO, respectively. The increase in the charge
separation with the dielectric constant, AQ = 1Qqonor — 1Quccepton
is quantified following the CHELPG population analysis.”” (See
values listed in Table 2.) The CHELPG population analysis
scheme is known to achieve robust atomic charges showing
only weak dependence on the basis set choice.”* For
completeness we list the corresponding charge transfer values
based on the Mulliken population analysis that agree with the
trend observed with the CHELPG values. (See comparison in
SI, Table S4.)

The ptSS excitation energies are reproduced within 0.1 eV by
the ptLR values (compare with SI, Table S5). We associate this
trend with the relatively small transition dipole, as the donor/
acceptor separation is <S5 A. Indeed, C153 exhibits the largest
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Table 2. Calculated Absorption Energy (E,,), Emission
Energy (E.,,), Stokes Shift (A), and Amount of Charge
Transfer (AQ) for the Coumarins in Various Solvents”

solvent E.s E.. A AQ
C1
cyclohexane 3.55 (3.54) 3.11 (3.14) 0.44 (0.40) 0.55
ethyl acetate  3.34 (3.43) 2.80 (2.98) 0.54 (0.45) 0.69
ethanol 328 (332) 267 (275) 061 (057) 073
acetonitrile 327 (3.38) 2.75 (2.88) 0.52 (0.50) 0.73
glycerol 326 (323) 277 (268) 049 (0.55) 074
water 326 (326) 273 (272) 053 (0.54) 074
C153
cyclohexane 3.16(3.16) 264 (273) 052 (043) 076
ethyl acetate 2.92 (3.03) 229 (2.48) 0.63 (0.55) 0.85
ethanol 2.88 (295) 228 (234) 060 (0.61)  0.86
acetonitrile 2.88 (2.97) 228 (2.38) 0.60 (0.59) 0.88
glycerol 2.88 (2.86) 228 (227) 060 (0.59) 0.8
water 2.86 (2.88) 226 (2.26) 0.60 (0.62) 0.87
C480
cyclohexane 343 (3.43) 2.92 (3.05) 0.51 (0.38) 0.67
ethyl acetate 3.19 (n/a) 2.64 (n/a) 0.55 (n/a) 0.80
ethanol 315 (320) 260 (2.62) 055 (0.58) 081
acetonitrile 3.14 (3.26) 2.59 (2.76) 0.55 (0.50) 0.83
glycerol 3.14 (n/a) 2.59 (n/a) 0.55 (n/a) 0.83
water 314 (3.13) 258 (2.54) 056 (0.59)  0.84

“The excited states are calculated using the state-specific TDDFT-
PCM approach at the LRC-wPBE/6-31G(d) level. Measured values™
are provided in parentheses. (A graphic comparison is provided in
Figure 4, where additional comparisons of the calculated absorption
and emission energies are provided in SI Figures S3 and S4,
respectively). Energies are listed in eV.

AQ and difference between the ptLR and ptSS values. As
expected, the B3LYP excitation energies are substantially lower,
by up to 0.7 eV as compared to LRC-wPBE values in the gas
phase. (For B3LYP values, see Table S6 in the SL)
Interestingly, the B3LYP PCM energies become larger than
the LRC-wPBE values upon increase of the dielectric constant
(by 03 eV in water), reflecting a much weaker solvent
dependence for B3LYP absorption energies. A similar trend has
been reported previously.”

Encapsulated Coumarins. Next, we consider the spectra
of the coumarins upon their encapsulation. We focus first on
the absorption spectra, which are only moderately blue-shifted
(by less than 0.2 eV) in comparison with those of coumarins in
water. The measured values for the encapsulated and free
coumarins in water are indicated by triangles in Figure 4.
(These values are also listed in Table 3.)

We hypothesize that the role of the capsule environment can
be represented as partially, though not completely, screening
the solvent dielectric. We therefore calculate the absorption
energies of the three coumarins in a range of dielectric
constants up to that of water, which is the solvent of the
encapsulated systems. In all of these calculations we use the
same optical dielectric constant as that of water (Sopt = 1.78).
Optical dielectric constants vary only slightly for the different
solvents considered in this work, where the &, values range
from 1.5 to 3.0.°7 (A refractive index n = 1.5 is typical for
proteins,”® corresponding to Eopt = n* = 2.25.) The resulting
absorption energies within a range of dielectric constants are
listed in Table 3 and are also shown in Figure 4.
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Figure 4. Calculated absorption energies of the coumarin molecules at
various static dielectric constant values with the optical dielectric
constant set to that of water (red line with circles), and measured
absorption energies of coumarin@OA, in water (black triangles). (The
values are listed in Table 3.)

Importantly, the encapsulated coumarin excitation energies
are best reproduced using a dielectric constant of 3.0, with a
root-mean-square deviation (RMSD) from the measured values
of only 0.01 eV, compared to the much larger RMSD of 0.7 eV
for gas phase calculated values. (RMSDs for various dielectric
constants are listed in the SI, Table S7.) We relate this effective
low dielectric constant of 3.0 to the typical constants of
proteins, given that the OA, walls are made of carboxylic acid
groups and benzene rings.

We further analyze the capsule’s environmental effect by
considering the excited state of C480 within an explicit capsule
and within PCM. We find significant intermolecular CT from
C480 to OA, for the excited state. In other words, the capsule
acts as a charge acceptor limiting the intramolecular charge
transfer in the excited state. This intermolecular CT character
of the excited states of C480 in OA, is calculated using the
LRC-wPBE/6-31G(d) level making the Tamm-—Dancoff
approximation and with PCM (e = 78.5) at a geometry
optimized at the B3LYP/6-31G(d) level. As illustrated in
Figure 5, the un-ionized form of the capsule was used as the
host in this calculation. A large CT contribution is reflected by
the CIS expansion coefficient of 0.47 for replacing the HOMO
that is coumarin-localized with the LUMO + 8 orbital that is
capsule-localized. (The HOMO—LUMO replacement, where
both orbitals are localized on the coumarin molecule, has an
expansion coefficient of 0.31.) This is consistent with
population analysis of the excited state which finds 0.39%
charge transfer based on CHELPG scheme (the Mulliken value
is 0.35¢).

Consequently, the C480 excited state molecular dipole
moment (or AQ) is reduced in comparison to that in aqueous
solution (no capsule). As discussed above for the solvated free
coumarins, we find a relationship between the solvent dielectric
and the amount of intramolecular CT. The free coumarin study
exhibits that the extent of orbital polarization in the ground
state affects the amount of charge transfer in the excited state.
The encapsulation not only weakens the orbital polarization by
screening the dielectric environment but also takes part in
intermolecular charge transfer.

While we achieve a good agreement with the measured
emission values for free coumarins in various solvents (Table
2), this is not the case for the encapsulated coumarins, for
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Table 3. Dielectric Constant Dependence of the Calculated
Absorption Energy (E,,), Emission Energy (E.,,), Stokes
Shift (A), and Amount of Charge Transfer Computed at the
LRC-wPBE/6-31G(d) Level with the ptSS PCM Approach
Based on the CHELPG Population Analysis of the Relevant
State”

€ Ee E.. A AQ
C1
1.0 424 3.85 0.39 0.08
25 3.50 3.04 0.46 0.60
3.0 345 2.96 0.49 0.64
3.0 3.45 3.08% 0.37
35 3.40 2.90 0.50 0.66
4.0 3.37 2.86 0.51 0.68
5.0 3.34 2.82 0.52 0.69
78.5 3.26 273 0.53 0.74
3.43° 3.02° 0.41°
C153
1.0 391 3.60 0.31 0.34
2.5 3.03 248 0.55 0.79
3.0 2.99 2.33 0.66 0.82
3.0 2.99 2.63% 0.36
35 295 231 0.64 0.83
4.0 2.94 2.30 0.64 0.84
5.0 293 229 0.64 0.85
78.5 2.86 226 0.60 0.87
2937 2.57° 0.36”
C480
1.0 4.10 3.85 0.25 0.46
2.5 335 2.80 0.55 0.71
3.0 329 275 0.54 0.75
3.0 3.29 2.95% 0.34
35 325 271 0.54 0.77
4.0 323 2.69 0.54 0.78
5.0 322 267 0.55 0.78
78.5 3.14 2.58 0.56 0.84
328" 2.92° 0.36°

“The optical dielectric constant of water is used. The RMSD from the
measured absorption values (see SI, Table S7) is minimized with & =
3.0. Emission energies calculated at CDFT-optimized geometries of a
reduced charge transfer are indicated by (*). The measured values™®
are also listed. (A comparison of the charge transferred using the
CHELPG population analysis to Mulliken based charges is provided in
the SI, Table S4.) “Measured at capsule.

which the calculated energies overestimate the Stokes shift. The
emission energies of the encapsulated molecules are calculated
with the same effective dielectric constant as used for the
absorption energies (see Table 3). This overestimation of the
Stokes shift increases with the amount of the intramolecular
CT, which is 0.6¢, 0.7¢, and 0.8¢ for C1, C480, and C153,
respectively.

To better address the emission shift of the encapsulated
coumarins using PCM-TDDFT calculations, we need to
understand the limitations of the model. In the absorption
study, we adjust the solvent dielectric to engender the
reduction of the intramolecular CT due to the locally excited
state of the coumarin mixing with the intermolecular charge-
transfer state of the encapsulated system. However, we do not
include the information on the intermolecular CT state, which

LUMO
E=-215eV E=-234¢V
ICil = 0.47 |Ci| = 0.31

E=-5.01¢V

E=-5.01 ¢V

Figure 5. Key molecular orbitals (MOs) involved in excited state of
C480@O0A, calculated with TDDFT using LRC-wPBE functional.
The expansion coefficient representing CT to the capsule bears the
largest value in the calculated expansion with 0.47.

is required while performing excited-state geometry optimiza-
tion, and thus the structural relaxation is overestimated. In
other words, the capsule-related intermolecular charge transfer
upon excitation reduces the structural relaxation and therefore
blue-shifts the emission energy compared to that of the free
solvated molecule.

To understand the relationship between CT and structural
relaxation, we follow the ester group bond lengths in C480
upon adjusting the amount of charge that is transferred within
the coumarin using charge constrained density functional
theory””*’ (CDFT) optimizations (see SI, Figure S7). We then
relate the CDFT geometries obtained with 0.0e and with 0.7¢
transferred within the molecule to the ground state
(absorption) and excited state (emission) geometries, respec-
tively. This important assignment of CDFT geometries is
supported by following key bond lengths (see bond lengths
provided in SI, Figure S7, and listed in SI, Table S8) and
excitation energies (see SI, Table S9).

Next, we consider CDFT-optimized geometries in which the
intramolecular CT is set to a lower 0.35¢ (compared to the free
coumarin range of CT of 0.6—0.8¢). These results are indicated
by asterisks (%) in Table 3 and represent the emissive
encapsulated state. (The capsule was indicated above to
function as an acceptor of 0.35e in an intermolecular process
when calculated with C480.) Indeed, the excitation energies
calculated at these () geometries are in excellent agreement
(within 0.1 eV) with the measured emission energies of the
encapsulated coumarins. We therefore support the hypothesis
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that the capsule acts as a charge acceptor that reduces the
coumarin-based intramolecular CT of the emissive state,
therefore mitigating its structural relaxation.

B CONCLUSIONS

The molecular environment of dye molecules hosted in octa-
acid capsules solvated in water is investigated by computational
models and compared against available absorption and emission
spectra. We hypothesize that the capsule screens only partially
the solvent dielectric. As a result, the absorption spectrum is
shown to be reproduced well by state-of-the-art calculations
based on a polarizable continuum model used in TDDFT.
Excitation energies obtained with an effective dielectric
constant of 3.0 reproduce the measured absorption spectra of
the encapsulated coumarins quite well. We then analyze the
emission spectra. Here, we hypothesize that the observed
reduced Stokes shift upon encapsulation is due to the capsule’s
role in limiting the relaxation of the excited state as it accepts
charge and therefore decreases the intramolecular charge
transfer within the coumarin. Our calculated emission energies
with constrained ester bonds or upon reduced CT present a
substantially improved agreement with the measured values
compared with the energies calculated with unconstrained
geometries.
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