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Abstract The structures of complexes of some small
molecules (formaldehyde, acetaldehyde, ammonia, methyl-
amine, methanol, ethanol, acetone, benzene, acetonitrile,
ethyl acetate, chloroform, and tetrahydrofuran, considered
as possible analytes) with ethylbenzene and silanol
(C6H5C2H5 and SiH3OH, considered as models of polysty-
rene and silica gel substrates) and with acridine (C13H9N,
considered as a model of an indicator dye molecule of the
acridine series) and the corresponding interaction energies
have been calculated using the DFT-D approximation. The
PBE exchange-correlation potential was used in the
calculations. The structures of complexes between the
analyte and the substrate were determined by optimizing
their ground-state geometry using the SVP split-valence
double-zeta plus polarization basis set. The complex
formation energies were refined by single-point calculations
at the calculated equilibrium geometries using the suffi-
ciently large triple-zeta TZVPP basis set. The calculated
interaction energies are used to assess the possibility of
using dyes of the acridine series adsorbed on a polystyrene
or silica substrate for detecting the small molecules listed
above.

Keywords DFT-D .Molecular complexes . Optical
chemosensors

Introduction

Optical chemosensors are widely used in various environ-
mental, biomedical, and industrial applications (see, e.g.,
the recent review [1]). An optical chemosensor is based on
the molecular recognition of analyte molecules due to a
change in the optical (mainly, fluorescence) properties of an
indicator molecule upon its interaction with an analyte.
Recently, we have developed a general strategy for the
hierarchical design of nanostructured materials for optical
chemosensors [2–7]. According to this strategy, an indicator
dye molecule is adsorbed on the surface of a nanoparticle
(which is used as a substrate). The nanoparticles are
assembled into a sensing layer (sensor material), which
can be used to construct a sensor array (see [2–7] for more
details). An indicator dye molecule along with its local
environment forms a functional supramolecular center,
whose properties depend on both the indicator dye itself
and its environment. The interaction of an analyte
molecule with the supramolecular center generates an
optical response of the material.

The predictive modeling of the properties of nano-
structured materials is very important for designing sensi-
tive and selective optical chemosensors. A rational
approach to the design of optical chemosensor materials
should be based on a consideration of intermolecular
interactions between analytes, indicators, and matrices [3].
In a general case, all types of interactions between these
components must be taken into account. It may be believed
that the possibility of detecting an analyte by an indicator
depends on the mode and strength of interaction between
the analyte molecule and the indicator. For the successful
detection of low concentrations of an analyte, this interac-
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tion should be stronger than the interaction of the analyte
with the substrate.

As a first step of such a large-scale investigation, we
consider here the interaction of some small molecules
(possible analytes) with polystyrene and silica gel sub-
strates and with an indicator dye molecule of the acridine
series. The main goal of this work was to determine the
mode of interaction and estimate the interaction energy
between the adsorbed molecule, on the one hand, and the
substrate and the indicator dye on the other hand. In this
work we used simplified molecular models of the substrate
surface and the indicator dye that include only the main
active surface center (for the substrates) or the representa-
tive interacting fragment (for the dye molecule) responsible
for the interaction with analyte molecules. The use of
simplified models allowed us to consider simultaneously a
rather large variety of analyte molecules. Calculations were
performed using the DFT-D approach well established in
the literature [8–10]. It should be noted here that similar
simplified models were used rather long ago by Calderone,
Lazzaroni, and Bredas [11] in modeling interactions at a
polymer/polymer interface and more recently by Perez,
Florez, Mark, and Lopez [12] in modeling interactions of
nitrile, aromatic, and olefinic polymers with silica.

Models and methods

The ethylbenzene molecule (Fig. 1a) was chosen as the
simplest model of polystyrene, which includes its main
constituent moieties (phenyl ring and alkyl chain) and
represents an elementary link of its polymer chain. The
silanol molecule SiH3OH (Fig. 1b) was selected as the
simplest model of a silanol group on the silica surface. The
acridine molecule (Fig. 1c) was taken as the main fragment
of an acridine dye responsible for interaction with analyte
molecules.

This suggestion is correct for acridine dyes like 9-
(diphenylamino)acridine (DPAA) or its analog, 2,7-dimeth-
yl-9-(ditolylamino)acridine (DTAA), which was investigated
experimentally in our previous works [2, 3]. It should be also
noted that the first electronic transition in DPAA was shown
to be associated with electron density transfer from the
diphenylamino group to the acridine moiety [13].

As the analyte molecules, we considered formaldehyde,
acetaldehyde, ammonia, methylamine, methanol, ethanol,

acetone, benzene, acetonitrile, ethyl acetate, chloroform,
and tetrahydrofuran, and calculated their interaction ener-
gies with the ethylbenzene, silanol, and acridine molecules,
considered, as indicated above, as models for polystyrene
and silica gel substrates and for an acridine indicator dye.

The interaction energies were estimated as the formation
energies of intermolecular analyte–substrate and analyte–
indicator model complexes. In most cases, the possible
mutual arrangement of the molecules in the complexes was
evident, and the starting geometry for the geometry
optimization of the intermolecular model complexes was
unambiguously selected. In some cases, several starting
trial structures were tested, and the most favorable
optimized structure was chosen.

Quantum-chemical calculations were made by density
functional theory supplemented with an empirical correc-
tion for dispersion interactions (DFT-D) using the ORCA
program [8, 9, 14]. The PBE exchange-correlation potential
was used in the calculations [15]. The structures of complexes
between the analyte and the substrate were determined by
optimizing their ground-state geometry using the SVP split-
valence double-zeta plus polarization basis set from [16].
The complex formation energies were refined by single-point
calculations at the calculated equilibrium geometries using
the sufficiently large triple-zeta TZVPP basis set [17]
containing three sets of polarization functions. Geometry
optimization with the TZVPP basis set required a very large
computer time and did not lead to substantial changes in the
complex formation energy. Such calculations were per-
formed for some selected systems, and the resulting change
in energy (as compared to that calculated with the geometry
optimized using the SVP basis set) did not exceed
0.5 kcal mol−1. Therefore, the use of the geometries
optimized with the SVP basis set seems to be quite
reasonable.

Results and discussion

The calculated structures of complexes and the lengths of
shortest contacts between the analyte molecule and the
substrate in the calculated intermolecular complexes are
presented in Table 1. The formation energies of the
complexes are given in Table 2. The short contacts between
the molecule and the substrate in the complexes are shown
in dotted lines along with their lengths indicated at these

Fig. 1 Structural formulas of
molecules selected as models of
the substrates and the indicator
dye: (a) ethylbenzene, (b) sila-
nol, and (c) acridine
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Table 1 Structures of ethylbenzene, silanol, and acridine complexes with various analyte molecules

Molecule Ethylbenzene Silanol Acridine

Formaldehyde

Acetaldhyde

Ammonia

Methylamine

Methanol
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Table 1 (continued)

Ethanol

Acetone

Benzene

Acetonitrile
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Table 1 (continued)

Ethyl acetate

Chloroform

Tetrahydrofurane

Molecule ΔE

Ethylbenzene complex Silanol complex Acridine complex

Formaldehyde 4.2 6.9 4.7

Acetaldhyde 4.0 7.8 4.4

Ammonia 2.8 10.9 6.2

Methylamine 3.8 12.0 6.5

Methanol 6.6 8.6 11.1

Ethanol 6.3 9.6 10.9

Acetone 6.3 9.6 4.8

Benzene 4.2 4.5 5.5

Acetonitrile 5.5 6.9 5.2

Ethyl acetate 6.9 6.7 9.0

Chloroform 3.2 3.1 8.1

Tetrahydrofurane 5.0 10.6 6.2

Table 2 Intermolecular interac-
tion energies –ΔE (kcal mol−1)
in ethylbenzene, silanol, and
acridine complexes with various
analyte molecules
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lines in Å. It is evident from the calculated structures that
the modes of interaction between the analyte molecules and
the substrates are mainly determined by short contacts
Hdþ–Xd� between a positively charged H atom of one
molecule and a negatively charged atom X (X=C, N, or O)
of the other counterpart of the complex. All the obtained
structures can be conditionally classified as belonging to
the lateral or stacking type as will be described below.

In the case of ethylbenzene, most calculated structures
correspond to the stacking type, in which the analyte
molecule is located over the plane of the phenyl ring. The
only exception is the ammonia complex. In this complex,
the ammonia molecule is coordinated with ethylbenzene
through a C–H...N bond, which lies approximately in the
plane of the phenyl ring.

The lengths of short contacts in the ethylbenzene
complexes vary from 2.16 Å (with ethanol) to 3.18 Å (with
chloroform). Generally, interaction energies (Table 2) are
higher in ethylbenzene complexes with oxygen-containing
molecules. Ethyl acetate exhibits the highest interaction
energy with ethylbenzene among the studied molecules. It
is seen from Table 1 that two oxygen atoms of ethyl acetate
interact with an H–C bond of the ethylbenzene CH3 group
and that one of the ethyl acetate C–H groups interacts with
an atom C of the ethylbenzene phenyl ring. In the case of
alcohols, high interaction energies can be attributed to the
fact that their OH group simultaneously participates in the
two hydrogen bonds: O–H...C and O...H–C. On the other
hand, the low interaction energy of ammonia reflects the
fact that ammonia forms only one short contact with
ethylbenzene. It might be seen that there is no direct
correlation between the lengths of short contacts in the
complexes (Table 1) and the interaction energies (Table 2).
Hence, in the case of complexes between a small analyte
molecule and ethylbenzene, two factors determine the
interaction energy: the number of short contacts between
the molecules in the complex and their length.

The situation is different in the case of complexes with
silanol. All complexes are formed through an Si–O–H...X
hydrogen bond, where X is a heteroatom (N or O) of the
analyte. All these structures can be classified as lateral. The
interaction energy in the silanol complexes nicely correlates
with the H...X distance; so that, the shorter the distance, the
higher the interaction energy. From this qualitative picture,
it may be concluded that electrostatic interactions determine
the structure and energy of the analyte complexes with
silanol. Generally, almost all the interaction energies with
silanol are higher than with ethylbenzene. The exceptions
are presented by ethyl acetate and chloroform, for which
the interaction energies with silanol are, on the contrary,
slightly lower than with ethylbenzene.

Most complexes with acridine have a lateral structure in
which an H(analyte)...N(acridine) hydrogen bond is formed.

An additional interaction H(acridine)...X(analyte) is also
present in almost all the lateral complexes with acridine. An
exception is chloroform, in which its geometry does not
permit the formation of the second short contact. Two
molecules, benzene and ethyl acetate, form stacking-type
complexes in which the lengths of short contacts indicate that
dispersion interactions dominate here. The parallel-displaced
geometry of the benzene–acridine complex is rather typical
for aromatic benzene complexes [18–20].

The complexes with methanol, ethanol, and chloroform
are of a lateral type with the shortest H(analyte)...N
(acridine) contacts (see Table 1), while, as was already
mentioned, the acridine complex with ethyl acetate is of a
stacking type. The shortest contact in this complex (H
(analyte)...N(acridine)) is longer than any H(analyte)...N
(acridine) distance in the lateral acridine complexes. The
intermolecular separation in this complex indicates that,
notwithstanding the polar nature of the ethyl acetate
molecule, the structure of its complex with acridine is
governed by dispersion interactions.

It is interesting to compare our theoretical results with
rather scarce experimental data on heats of adsorption
found in the literature. The direct comparison of the
calculated interaction energies with the experimental heats
of adsorption is not reasonable, because the nature of the
adsorbed state might be rather complicated. Actually, an
adsorbed molecule can simultaneously interact with more
than one surface group, especially, in the case of a porous
adsorbent. However, such a comparison may still shed
some light on the possible structure of the adsorbed
molecule on the corresponding surface.

The following differential heats of adsorption on porous
polystyrene were found for benzene (15 kcal mol−1),
chloroform (13 kcal mol−1), acetonitrile (11 kcal mol−1),
acetone (13 kcal mol−1), and ethyl acetate (13 kcal mol−1)
[21]. These values exceed the calculated interaction
energies between these molecules and ethylbenzene, which
may be considered as a model of a unit link of a
polystyrene chain, by a factor of 2 to 4. Because our
calculated values must give a quite reasonable estimate for
the corresponding interaction energies, we may conclude
that, when adsorbed on porous polystyrene, these molecules
interact with two (ethyl acetate, acetonitrile, and acetone) or
even with three or four (benzene, chloroform) polymer
links.

There are also some experimental estimates for the heat
of adsorption on various silicas for ammonia (9–
11 kcal mol−1 [22]), for acetone (two forms 10–15 and
16–17 kcal mol−1 in [23], and 10–17 kcal mol−1 in [24]),
and for ethyl acetate (15.5 [25]). While the value for
ammonia and the lower values for acetone are in good
agreement with our theoretical estimates, the higher values
for acetone and the value for ethyl acetate considerably
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exceed the theoretical estimate, indicating that these
molecules can participate in additional interactions with
the silica surface (see discussion in the cited papers).

For sensing applications, it is interesting to compare the
calculated interaction energies between the analyte mole-
cules and the substrate and indicator models. Firstly, as it
was indicated above, the interaction energies with silanol
are generally higher than with ethylbenzene. From this
point of view, for acridine dyes, polystyrene might be
considered as a more versatile substrate than silica gel.

Methanol, ethanol, ethyl acetate, and chloroform most
strongly interact with acridine. The complexes that these
molecules form with acridine are stronger than their
complexes with both ethylbenzene and silanol. Hence, the
use of either polystyrene or silica substrate can be
recommended for the detection of these molecules using
an acridine dye.

Next, it is seen that the interaction of acetone and
acetonitrile with acridine is weaker than with both substrate
components. This fact may indicate that the dyes of the
acridine series are not promising indicator molecules for
low concentrations of acetone and acetonitrile when
polystyrene or silica is used as the substrate. For all other
analyte molecules, polystyrene can be considered a suitable
substrate for an acridine dye indicator. Finally, silica might
be considered a suitable substrate for the detection of
methanol, ethanol, benzene, ethyl acetate, and chloroform
using an acridine dye.

The properties of the nanoparticles used as chemo-
sensing materials can be improved by increasing the
coverage of nanoparticles with indicator dye molecules so
as to decrease the available free surface of the substrate.

Conclusions

The structures of complexes of some small molecules
(formaldehyde, acetaldehyde, ammonia, methylamine,
methanol, ethanol, acetone, benzene, acetonitrile, ethyl
acetate, chloroform, and tetrahydrofuran) with ethylbenzene
(C6H5C2H5), silanol (SiH3OH), and acridine (C13H9N)
molecules and the corresponding interaction energies have
been calculated using the DFT-D approximation, which
gives rather reasonable results for the structure and energy
of various molecular complexes. The calculated lengths of
shortest contacts in these complexes have been used to
analyze the corresponding coordination modes, while the
interaction energies have been used to compare the
possibilities of detecting these small molecules, considered
as analytes, using an acridine dye adsorbed on the surface
of a polystyrene or silica gel substrate.

Most complexes of ethylbenzene exhibit a stacking
structure in which the analyte molecule is located over the

plane of the phenyl ring with the only exception for the
ammonia complex. In the latter, the lateral coordination
mode is preferable. All complexes of silanol and most
complexes of acridine have a lateral structure formed
through an Si–O–H...X hydrogen bond (X is an analyte
heteroatom) or an H(analyte)...N(acridine) hydrogen bond.

The available experimental data on the heats of
adsorption on polystyrene and silica gel for some of the
considered analytes indicate that the adsorbed molecules
can interact simultaneously with more than one surface
group.

The calculated interaction energies indicate that the dyes
of the acridine series adsorbed on a polystyrene or silica
substrate are not promising indicator molecules for acetone
and acetonitrile. For all other analyte molecules, polysty-
rene can be considered a suitable substrate for an acridine
dye indicator. Finally, silica might be considered a suitable
substrate for the detection of methanol, ethanol, benzene,
ethyl acetate, and chloroform using an acridine dye as a
molecular sensor.

The properties of the nanoparticles used as chemo-
sensing materials can be improved by increasing the
coverage of nanoparticles with indicator dye molecules.
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