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Abstract

The electronic structure and photoinduced electron transfer processes in a K+ fluorescent
sensor that comprises a 4-amino-naphthalimide derived fluorophore with a triazacryptand lig-
and is investigated using density functional theory (DFT) and time-dependent density func-
tional theory (TDDFT) in order to rationalise the function of the sensor. The absorption and
emission energies of the intense electronic excitation localised on the fluorophore are accu-
rately described using a ASCF Kohn-Sham DFT approach, which gives excitation energies
closer to experiment than TDDFT. Analysis of the molecular orbital diagram arising from DFT
calculations for the isolated molecule or with implicit solvent cannot account for the function
of the sensor and it is necessary to consider the relative energies of the electronic states formed
from the local excitation on the fluorophore and the lowest fluorophore—chelator charge trans-
fer state. The inclusion of solvent in these calculations is critical since the strong interaction of
the charge transfer state with the solvent lowers it energy below the local fluorophore excited
state making a reductive photoinduced electron transfer possible in the absence of K, while
no such process is possible when the sensor is bound to K*. The rate of electron transfer is

quantified using Marcus theory, which gives a rate of electron transfer of kgr=5.98 x 100 s~ 1.
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Introduction

Tons play an important role in many biological processes. The potassium cation (K1) is the most
abundant intracellular ion and is involved in processes including muscle contractions, nerve trans-
mission and kidney function.!'? Furthermore, K* deficiency can be a sign of poor health and an
indicator of many conditions and diseases.>~ It is important to be able to determine the concentra-
tion of ions such as K™ in cells, and fluorescence based sensors provide one approach to achieving
this. Fluorescent based sensors typically comprise two key parts, a chelator and a fluorescent re-
porting moiety, where the chelator selectively “traps” the ion of interest resulting in a significant

enhancement or quenching of the fluorescence of the fluorophore component of the probe.®

Several examples of fluorescent chemosensors for ions have been reported,®® many of these
are based upon the BODIPY (4-bora-3a,4a-diaza-s-indacene) chromophore. 6.9.10 Substituted BOD-
IPY molecules are of considerable interest since the observed photophysical properties are highly
sensitive to the nature of the substitution, and there have been several recent computational stud-
ies concerned with the calculation of the absorption and emission properties of BODIPY based
systems.'!=1® These include the incorporation of solvent via a polarised continuum model. %!
In this work we focus on a triazacryptand-based fluorescent sensor with a 4-amino-naphthalimide

fluorophore reported by Zhou et. al.,!”

shown in Figure 1. This fluorescent probe is weakly fluo-
rescent, but in the presence of K™ it becomes strongly fluorescent. There are many photophysical
processes that can lead to the quenching or enhancement of fluorescence. In 1 the change in flu-
orescence has been attributed to a reductive photoinduced electron transfer (PET) mechanism. 17

This process can be described as®

'A*+D — 'A*” 4+D** (1)

where 'A* represents the electronically excited 4-amino-naphthalimide fluorophore and D rep-

resents the electron donating triazacryptand system, and is illustrated schematically in Figure 2.



In the absence of K™, the PET process occurs resulting in fluorescent quenching and the system
returning to its ground state via a nonluminescent process. However, in the presence of K the
chelator is no longer able to donate electrons to the chromophore and the PET process does not

occur resulting in a strong fluorescence. Oxidative PET is a related process and corresponds to

ID*+ A — DT LA 2)

where the excited electron of the fluorophore can be transferred to a low lying unoccupied orbital

of the chelator.

The design and development of chemical sensors is challenging partly due to the complexity of
the underlying photophysical processes. Quantum chemical calculations have a potentially valu-
able role to play in this area since they can provide a detailed picture of the electronic structure
of the fluorescent probe molecules, giving insight into the relevant photophysical processes. The
large size of the molecules involved precludes the use of accurate wave function based excited state
methods such as multireference configuration interaction'® and multiconfigurational perturbation
theory ' and density functional theory based approaches represent the most accurate alternative. A
number of groups have studied the PET in fluorescent probes using Kohn-Sham density functional
theory (DFT) and time dependent density functional theory (TDDFT).!%-29-23 The most common
approach is to construct a molecular orbital diagram for the frontier molecular orbitals based upon
the Kohn-Sham orbitals and their associated energies to determine whether PET and the associated
fluorescence quenching or enhancement should occur.?%-%? This can often provide a picture that is
consistent with the experimental observations, and can be used to rationalise the observed fluores-

cent properties of a chemical sensor.

In an analysis of this type, the difference in orbital energies is implicitly being used as a mea-

sure of the relative energies of the excited states associated with the various stages of the PET



process. Orbital energy differences often provide a poor measure of the energies of the respective
excited states, and to determine these reliably it is necessary to use a genuine excited state elec-
tronic structure method, such as TDDFT. Recent work has used TDDFT calculations to analyse
the fluorescence quenching by Hg(II) ion chelation and fluorescence enhancement by Zn(II) ion
chelation in a PET sensor.?> However, the application of TDDFT to study these systems is not
without its pitfalls since many of the states involved will be charge transfer (CT) in nature, which
represents a case where TDDFT with standard generalized gradient approximation (GGA) or hy-
brid exchange-correlation functionals are known to fail.?* In this Paper, we investigate the PET in
the Kt sensor 1 using DFT, TDDFT and excited state Kohn-Sham DFT (eDFT). It is shown that
different approaches can lead to different conclusions, with in some cases the correct behaviour
predicted for the wrong reason. We find that to account for the PET in 1 correctly, it is necessary

to use an appropriate excited state electronic structure method and include the influence of solvent.

Computational Methods

The structure of 1 in its ground state was optimised with and without the K™ ion using DFT
with the B97-1 exchange correlation functional? and the 6-31G* basis set.?67 Figure 1 shows
the molecular structure of the sensor used in the calculations. In experiment the sensor has an
extended chain attached to the nitrogen atom of the fluorophore that is not well defined. This part
of the structure plays no role in the function of the sensor and the chain is replaced by a single
hydrogen atom. Excited state energies have been determined using TDDFT with the B97-1 and
CAM-B3LYP?® functionals. Excited singlet state energies can also be determined in a ASCF (or
AKohn-Sham) approach using Kohn-Sham DFT where some additional constraint is imposed to
prevent the variational collapse to the ground state. In this work we use a procedure known as the
maximum overlap method (MOM),?° which has been used successfully to model the excited states
of a range of systems, %32 including BODIPY. !* One issue with this approach is that open-shell

singlet states are not described well by a single determinant leading to a significant underestimation



of the energy of some singlet excited states.?’ However, the spin-purification procedure wherein

the energy of the excited state is given by>>

E=2FEs—Er 3)

where Ey is the single determinant excited singlet state energy (as given by MOM) and E7 is the
energy of the corresponding triplet excited state can provide a good correction.>* The structure
of the excited states were also optimised using the MOM approach. Solvent was modelled using
a polarisable continuum model (PCM) with parameters corresponding to water. All calculations

were performed using the Q-Chem software package.

Results and Discussion

Computed Transition Energies

Figures 3 and 4 show the lowest unoccupied and highest occupied orbitals as given by a B97-
1/6-31G* calculation for 1 with and without the K™ ion. Without K™ the lowest unoccupied
molecular orbital (LUMO) is a ©* orbital located on the fluorophore part of the molecule. The
three highest occupied molecular orbitals (HOMOs) are localised on the chelator and the highest
occupied orbital associated with the fluorophore is the HOMO-3 orbital which can be described as
a 7 orbital. The intense band observed in the absorption spectrum is localised on the fluorophore
and arises from the HOMO-3—LUMO transition. With the inclusion of K, the intense transition
localised on the fluorophore corresponds to excitation from the HOMO—LUMO+1. The LUMO
is localised on the potassium ion and the other high lying occupied orbitals are localised on the

fluorophore or the linking group between the fluorophore and chelating moiety.

Table 1 shows the computed transition energies of the intense fluorophore transition using var-

ious DFT based approximations. The calculated gas-phase transition energies are higher than the



experimental value of 2.76 eV.!7 Taking the difference in the relevant orbital energies (A€) gives
a value of 3.76 eV. This is improved by TDDFT which gives values of 3.36 eV for the B97-1
functional. The long-range corrected functional CAM-B3LYP predicts transition energies that are
about 0.4 eV higher in energy than for the standard hybrid functional, and close to the Ag value.
In the ASCEF calculations the initial orbitals were generated from the ground state orbitals where
a f electron is moved from the HOMO-3 orbital to the LUMO. Results are given for the spin-
mixed determinant, denoted ASCFSM, and if post-SCF spin-purification has been applied, denoted
ASCFSP . Both of these approaches give a lower transition energy that are closer to experiment. The
spin-mixed approach gives 2.82 eV, however this is artificially too low and spin-purification gives
a value of 3.20 eV which is consistent with TDDFT. Table 2 shows the variation of the computed
absorption energy with improving the quality of the basis set for the sensor with no K™ bound.
These results indicate that changing from a double to triple zeta type basis set leads to changes in
the computed excitation energies of up to 0.05 eV. The addition of diffuse basis functions gives a
greater variation with changes in the computed excitation energies of up to 0.1 eV. Consequently,
the transition energies predicted with 6-31G* should be converged with respect to the basis set

quality to the order of about 0.1 eV.

The experimental value is measured in solution and the presence of solvent can influence the
position of the absorption band. The dipole moment for the ground state (fig) is 7.58 D as given
by DFT with the B97-1 functional and this increases to 9.01 D in the excited state arising from the
fluorophore excitation. Consequently, a shift to lower energy would be expected in a polar solvent
and using an implicit solvent model for water shows a shift to lower energy of about 0.1 eV. Our
best calculation, ASCFSP (sol)-B97-1, predicts a value of 3.02 eV which lies within 0.3 eV of the
experimental value. Once the sensor is complexed with K™ there is only a modest effect on the
fluorescent part of the molecule and only a little change in the excitation energy of the fluorophore.
The different methods consistently predict a small increase of about 0.1 eV when KV is present.

Optimization of the excited state structure allows the emission energy to be calculated. The cal-



culations give values of 2.48 eV and 2.24 eV for the ASCFSM-B97-1 and ASCFM(s01)-B97-1

methods, respectively, which compare well with the experimental value of 2.41 eV.

Analysis of PET Based Upon the Molecular Orbital Diagram

Figure 5 shows a schematic orbital energy diagram based upon the Kohn-Sham orbital energies
for the B97-1/6-31G* calculation for the ground electronic state where the orbitals have been par-
titioned according to whether they are localised on the fluorophore or the chelator and the orbital
occupancies depicted correspond to after the excitation of the fluorophore. When no K is present
there are three occupied chelator orbitals that can facilitate electron transfer to the fluorophore
which is consistent with a reductive PET process occurring. In contrast when K™ is bound to the
chelating part of the sensor, there are no occupied orbitals associated with the chelator present be-
tween the HOMO and LUMO of the fluorophore suggesting that a reductive PET process will not
occur. This is consistent with an enhancement of the fluorescence of the sensor. However, there
is an unoccupied chelator orbital that lies just below the LUMO of the fluorophore which opens
up the possibility of an oxidative PET process occurring. Consequently, an analysis based upon
the molecular orbitals would predict a reductive PET process in the absence of K* and an oxida-
tive PET process in the presence of K. This would result in the sensor not fluorescing whether
K™ was present or not, which is not consistent with experiment. Consideration of the molecular
orbitals from the CAM-B3LYP calculation leads to a similar conclusion. Also shown in Figure 5
are the molecular orbitals from the calculations with implicit solvent. For the sensor without K™
the molecular orbital diagram is qualitatively similar to the gas-phase. For the case where K™ is
present occupied orbitals associated with the chelating part of the molecule are present between

the HOMO and LUMO of the fluorophore and reductive PET remains a possibility.



Analysis of PET Based Upon Excited State Calculations

Based upon the above analysis we conclude that a simple consideration of the molecular or-
bitals and their energies is not sufficient to reliably predict whether a PET process will occur and
it is necessary to consider the relative energies of the initial and final electronic states. For a PET
process to occur, the energy of the resulting electronic state formed should be lower than the energy
of the excited state formed by excitation of the fluorophore. For the K sensor considered here,
the final state corresponds to a CT state where the electron from the HOMO of the fluorophore has
been excited to a virtual orbital associated with the chelating part of the molecule. Table 3 shows
the computed transition energies for the lowest CT transition. We first consider the TDDFT results
with the hybrid B97-1 functional. Without K™ the transition energy for the lowest CT transition is
0.58 eV lower than for the local fluorophore transition, while with K* the lowest CT transition is
higher in energy than the fluorophore transition. These results are consistent with the experimental
observations that K™ will lead to enhanced fluorescence. However, it is known that TDDFT with
hybrid functionals can severely underestimate the energy of CT states. A A analysis®* gives a
value of 0.00 for the CT transition compared to 0.68 for the local fluorophore transition, suggest-
ing that the computed CT energy is unreliable. The long-range corrected functional CAM-B3LYP
should provide a more accurate transition energy for the CT state, and gives a value of 4.36 eV.
Consequently, with the CAM-B3LYP functional there is no CT state lower in energy than the state
formed from the local excitation (AE=3.76 eV) on the fluorophore suggesting that no PET process
will occur. We note that this energy difference is considerably larger than 0.1 eV, which the approx-
imate error associated with the basis set. Within a ASCF methodology CT states can be described
with a hybrid functional and it is not necessary to use a long-range corrected functional. A transi-
tion energy of 5.05 eV was obtained which is much higher than the local fluorophore transition and
consistent with TDDFT with CAM-B3LYP. For the CT state, spin-purification has a very small ef-
fect on the transition energy since the triplet state has a similar energy to the singlet state and only

the spin mixed transition energies are given. We note that converging the SCF process for the CT



state using the MOM procedure was problematic for 1 in the gas phase where variational collapse
to the ground state could not be prevented using initial guesses based upon the ground state orbitals
of the gas phase molecule. These problems were not experienced for the PCM solvent calculations
and the gas phase value was obtained by using the converged orbitals for the CT state with the
PCM as a starting point for the gas phase calculation. The dipole moment for the CT state is com-
puted to be puct=82.3 D which is much higher than the 9.01 D for the excited fluorophore state.
This suggests that there will be a greater interaction with a polar solvent for the CT state, rais-
ing the possibility that the relative ordering of the local fluorophore excitation and the lowest CT
excitation may be changed by the solvent. The results for the ASCF calculation with the implicit
solvent model predicts that this is the case and the energy of the CT state lies (AE=2.57 eV) below
the local fluorophore excitation (AE=3.02 V) . With K™ present the lowest CT transition is higher

in energy than the excited fluorophore state for all of the calculations including ASCF with solvent.

These calculations demonstrate that to reliably predict whether a PET process will occur in a
metal ion sensor such as 1 it is necessary to use an appropriate excited state method that can accu-
rately describe charge transfer states and also account for solvent at least at the level of an implicit
solvent model. This can be achieved with DFT based ASCF approaches but could also be achieved
with TDDFT with long-range corrected functionals. However, it is necessary to account for the
solvent contribution to the exchange-correlation response and it is not sufficient to simply use sol-
vent polarised orbitals in the TDDFT equations. There are other effects that remain neglected in
these calculations. The sensor has a significant amount of conformational flexibility which is not
captured by considering just a single structure. For smaller systems such as BODIPY it is possible
to compute absorption and emission spectra through averaging over molecular structures generated
in an ab initio molecular dynamics simulation. '* However, such molecular dynamics calculations
for a system as large as the K* sensor are prohibitively expensive and here we focus on estab-
lishing a computationally efficient approach to reliably predicting the PET processes. Similarly,

more complex solvent models could be used, including using explicit solvent molecules® or more
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elaborate continuum solvent models. The solvent shifts arising in the sensor are electrostatic in
origin and arise from the very different dipole moments between the local fluorophore and charge

transfer excitations and should be adequately described by the PCM solvent model used here.

Calculation of the Rate of Electron Transfer

This type of analysis provides a qualitative prediction of what type of PET process is possible
and can provide some insight into the PET process, this can be quantified through calculation of the
rate of electron transfer using Marcus theory.3”-*® This approach has been used to predict the rate
of electron transfer in a range of systems, for examples see references.*#! According to Marcus

theory the rate of electron transfer can be expressed as

—(A +AG)21 @

‘ 2n Ve_crl? 1 . [
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where A is the reorganisation energy, AG is the total change in energy between the two states and

VE—cT 1s the electron transfer coupling which can be expressed as

AE|fip_cr|
\/ ApE or +4|fr—ct/?

(&)

Ve_cr =

in the generalised Mulliken-Hush scheme*? within the two-state approximation. fir_cr is the tran-
sition dipole moment between the local excited fluorophore state and the CT state and Aug_ct
is the difference between the permanent moments of the excited states. The ASCF(sol) calcula-
tions give values of A=0.75 eV and AG=0.20 eV. The electron transfer coupling is computed in a
gas phase TDDFT calculation at the ground state structure with the CAM-B3LYP calculation but
rescaled according to the energy difference between the states in the condensed phase to give a
value of 5.9 x 1073 eV. Combined together these give a value of kgp=5.98 x 10° s~! for the rate of

electron transfer, suggesting that the process occurs on the microsecond timescale.
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Conclusions

In this paper the electronic structure and associated fluorescence properties of a K™ ion sensor have
been modelled with DFT and TDDFT. Absorption and emission energies of the intense electronic
excitation localised on the fluorophore are accurately described using a ASCF approach, which
gives excitation energies closer to experiment than TDDFT. The PET processes that underpin the
functioning of the sensor cannot be rationalised based upon analysis of the molecular orbital dia-
gram arising from DFT calculations for the isolated molecule or with implicit solvent. To correctly
account for the functioning of the sensor requires consideration of relative energies of the electronic
states formed from the local excitation on the fluorophore and the lowest fluorophore—chelator CT
state. The inclusion of solvent in these calculations is critical since the strong interaction of the CT
state with the solvent lowers it energy below the local fluorophore excited state making a reductive
PET possible in the absence of K™, while no such process is possible when the sensor is bound to
K. The rate of electron transfer can be quantified using Marcus theory, and the rate of electron

transfer is computed to be kpr=5.98 x 100 s~ 1,
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Method AEr 5 /eV | AET eV
Age 3.76 3.83
TD-B97-1 3.36 3.47
TD-CAM-B3LYP 3.76 3.86
ASCFM-B97-1 2.82 2.94
ASCFSP-B97-1 3.20 3.36
ASCFM(s01)-B97-1 2.71 2.79
ASCFSP (sol)-B97-1 3.02 3.12
Exp. 2.76 -

Table 1: Computed transition energies for the intense transition localised on the fluorophore with

and without the K™ ion for a range of computational methods.
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Method 6-31G* | 6-311G* | 6-31+G*
Ag 3.76 3.76 3.70
TD-B97-1 3.36 3.33 3.42
TD-CAM-B3LYP | 3.76 3.71 3.84
ASCFSM_B97-1 2.82 2.86 2.80
ASCFSP-B97-1 3.20 3.23 3.17

Table 2: Variation in the computed transition energies for the intense transition localised on the

fluorophore without K™ ion bound (AEE&E) ineV.
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Method AEF 25 /eV | AELC /eV
TD-B97-1 2.78 3.65
TD-CAM-B3LYP 4.36 4.34
ASCFSM_B97-1 5.05 3.74
ASCF*M(s01)-B97-1 2.57 3.29

Table 3: Computed transition energies for the lowest energy fluorophore—chelator charge transfer

transition with and without the K™ ion for a range of computational methods
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Figure 1: Model of the K™ fluorescent sensor.
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Figure 2: Schematic representation of the photoinduced electron transfer process in the K sensor.
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Figure 3: Molecular orbitals of the K™ sensor without K.
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Figure 4: Molecular orbitals of the K™ sensor with K.
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Figure 5: Molecular orbital diagram based upon the ground state B97-1/6-31G* calculation for
the gas phase (upper panel) and in solution (lower panel). F represents orbitals localised on the
fluorophore and C represents orbitals localised on the cheating part of there molecule, orbital
energies in a.u.
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