
Computational study on fluoride recognition by an urea-activated phthalimide
chemosensor

Ra�ul P�erez-Ruiz a, Axel G. Griesbeck b, Diego Sampedro c,*

aDepartamento de Química, Instituto de Tecnología Química UPV-CSIC, Universidad Polit�ecnica de Valencia, Camino de Vera s/n, 46022 Valencia, Spain
bDepartment of Chemistry, University of Cologne, Greinstr. 4, D-50939 K€oln, Germany
cDepartamento de Química, Universidad de La Rioja, Grupo de Síntesis Química de La Rioja, Unidad Asociada al CSIC, Madre de Dios, 51, E-26006 Logro~no, Spain

a r t i c l e i n f o

Article history:
Received 7 February 2012
Received in revised form 27 April 2012
Accepted 11 May 2012
Available online 18 May 2012

Dedicated to Professor Miguel �Angel Mi-
randa on the occasion of his 60th birthday

Keywords:
CASPT2
CASSCF
Chemosensors
Ion recognition
Photochemistry

a b s t r a c t

The mechanism of the fluoride anion recognition by an ureaephthalimide chemosensor has been studied
in detail by means of CASPT2//CASSCF calculations. Computational data are in well-agreement with
changes in the photophysical properties previously reported experimentally in the presence or absence
of fluoride anion. In both cases, fast relaxation from the S2 potential energy surface leads to S1 pop-
ulation. Deactivation of the excited state is in agreement with the experimental change in fluorescence
observed when the anion is present. Mechanistic information obtained allows to provide an explanation
of the experimental data and to suggest some modifications to improve the synthetic applicability of this
type of chemosensors.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Design and development of new anion receptors in chemistry
constitute a highly active area of research.1 As a general trend,
hydrogen bonding and/or electrostatic interactions are involved in
the anion receptor coordination. Fluorescent sensors appear to be
the most suitable and attractive tools for anion recognition because
of a high sensitivity at low analyte concentration.2 Thus, photoin-
duced electron transfer (PET),3 excimer/exciplex formation,4

intramolecular charge transfer (ICT),5 and excited state proton
transfer6 are some of the signaling mechanism reported.

The role of the ureamoiety as an appropriate receptor for anions
iswell-established;Wilcox7 andHamilton8 showed for thefirst time
the interaction of urea-derivatives with phosphonates, sulfates and
carboxylates forming stable 1:1 complexes. Accordingly, recognition
and detection of other anions, such as fluoride have attracted con-
siderable interest because of its established role in dental care,9

treatment of osteoporosis10 and its association with chemical
weapons (nerve gases, such as sarin, soman, and GF chemical war-
fare agents) or terrorism (sarin gaswas released in theTokyo subway

attack killing 12 people and injuring 5500 inMay,1995).11 Examples
of fluorescent sensors with urea-containing receptor that detect
selectively fluoride anion have been reported12 and explored by
theoretical techniques.13,20 In this context, chemosensors based on
amidoephthalimide derivatives or different urea based receptors
have been subjected to density functional level of theory (DFT)
calculations.

In a previous study, a new receptorefluorophore system based
on a chiral ureaephthalimide was synthetized and found to be
a selective sensor for fluoride anion.14 Thus, the appearance of
a new absorption band at longer wavelengths together with no
changes in the singlet lifetime of the phthalimide chromophore in
the presence of fluoride confirmed fluorescence static quenching as
signaling mechanism. Formation of a charge transfer complex in
the ground state through hydrogen bonding interaction rather than
urea deprotonation in the recognition process was supported
by DFT calculations. A weak bond-elongation of the urea protons
after complex formation with fluoride was observed and a possible
hydrogen abstraction was ruled out.

With this background, it appeared relevant to perform a detailed
theoretical exploration of the interaction between a urea-activated
phthalimide chemosensor and fluoride, in order to gain a better
understanding of the recognition mechanism previously pro-
posed14 and to examine the acidity of the urea protons either in
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ground state or singlet excited state in the absence and presence of
fluoride. Therefore, a computational analysis based on CASSPT2//
CASSCF strategy15 was carried out using the phthalimide derivative
1 (Fig. 1) as model compound with a structure close to that of the
previous experimental study.14

2. Computational details

Compound1waschosen asmodel since the complete structure of
the previously reported sensor14 was found to be too large for
CASSPT2//CASSCF calculations and the urea-linked stereogenic part
is not relevant for the fluoride-association, which is investigated
herein.Hence, compound1 should reproduceall of thephotophysical
and photochemical properties at a much lower computational cost.
The geometries of the critical points as well as all the reaction paths
were computed using fully unconstrained ab initio quantum chem-
ical computations in the framework of a CASPT2//CASSCF strategy.15

This required the reaction coordinate tobe computedat thecomplete
active space self-consistent field (CASSCF) level of theory and the
corresponding energy profile to be re evaluated at the multi-
configurational second-order MøllerePlesset perturbation theory
level. Conical intersectionswere locatedat theCASSCF level using the
methoddevelopedbyBearpark et al.16 Thismethod alsoprovided the
components of the branching space. The Gaussian 0317 program
package was used for CASSCF computations. The energy of the
CASSCF geometries was recalculated using the CASPT2 method
implemented in MOLCAS-6.4,18 taking into account the effect of
electron dynamic correlation. All CASPT2 results were obtainedwith
state average with equal weights for each state. Both CASSCF and
CASPT2 calculations were done using the standard 6-31G* basis set.
The effect of the basis set was explored by using the ANO-RCC basis
set in singlepoint calculations. Formost calculations, the active space
was formed by 12 electrons in 11 orbitals: p and p* orbitals of the
aromatic ring and both conjugated ketones were included as part of
the chromophore and the n orbital of phthalimide nitrogen atom. To
explore the relevance of the oxygen n orbitals, single point calcula-
tionswith an increased active space of (16,13) including the carbonyl
groups oxygenn orbitals in thephthalimidemoiety and thep system
were performed.

Minimum energy paths (MEPs) were computed at the CASSCF
level using the methodology present in MOLCAS-6.4. MEPs repre-
senting steepest descendent minimum energy reaction paths were
built through a series of geometry optimizations, each requiring the
minimization of the potential energy on a hyperspherical cross
section of the potential energy surface centered on a given reference
geometry and characterized by a predefined radius. The paths were
computed using a value of 0.1 amu for the steps. Starting from the
FranckeCondon (FC) structure, the path was followed to a conical
intersection point. Once the first lower energy optimized structure
was converged, this was taken as the new hypersphere center, and
the procedurewas iterated until energy surface reached the bottom.

Bulk solvent effects on the stability of model compound were
included using the polarizable continuum model (PCM)19 as

implemented in GAUSSIAN03. The molecule was considered as
included in a cavity surrounded by an infinite medium with the
dielectric constant corresponding to the specific solvent. The
standard value of 36.64 for acetonitrile was used in these calcula-
tions using DFT methods (B3LYP, 6-31G*).

3. Results and discussion

Experimentally, the formation of a charge transfer complex in
the ground state through hydrogen bonding interaction rather than
urea deprotonation was proposed as signaling mechanism.14 A
further exploration of this issue, especially the effect of the solvent
on the stability of this hydrogen interaction, was performed before
studying the excited state behavior of 1. Thus, three different sit-
uations to evaluate this interaction in gas phase and bulk acetoni-
trile were computed (Fig. 2). In gas phase, the preferred situation
was found to be Bwhere fluoride anion abstracted a hydrogen atom
from the sensor. In C, with the anion far away from 1, the energy
was more than 20 kcal/mol higher, whereas situation A collapsed
directly to B and thus showed a higher energy value at the B3LYP 6-
31G* level of theory. By contrast, when solvent effect was consid-
ered by PCM calculations, A became clearly the ideal situation,
being in agreement with our previous experimental and theoretical
results14 and confirming the existence of a charge transfer complex
in the ground state between the F� ion and 1. Furthermore, the
preference for situation A in acetonitrile could be relevant for the
practical competence of 1 to act as a sensor through several cycles
as stated below. Similar results have been previously reported for
simplified urea receptors from DFT calculations.20

Having established the most stable situation for the complex
[1-F]�, anexhaustive explorationof thepotential energysurface (PES)
for the photochemical aspects of the sensing processwas carried out.
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Fig. 1. Urea-activated phthalimide chemosensor, 1, as model compound.

Fig. 2. Model sensor 1 and fluoride anion interactions in gas phase and acetonitrile.
Energy differences in kcal/mol relative to the most stable structure.
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