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The adsorption of a metal ion to a polycyclic aromatic molecule such as helicene is the object of our study.
The latter could function as a chiral molecular clamp for the cationic alkali metal. The main contribution of
this work is to attribute new microscopic interpretations for the adsorption of potassium and cesium ions
onto a thin layer of helicene achieved by the QCM technique. Throughout the grand canonical ensemble
and some theoretical considerations, statistical physics processing has been used for modeling of
experimental adsorption isotherms. A new model has been developed and chosen as an appropriate one
to present a good correlation with experimental isotherms. Six physico-chemical parameters are
obtained from the fitting of the experimental adsorption isotherms. Thanks to the steric parameters, we

have found that an increase in temperature promotes a rise in the numbers of ions per site n; and n, and
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Accepted 14th September 2017 raises the adsorption capacities Ny; and Num,. The two energetic parameters ¢; and ¢, allow deduction

of the adsorption energies at four temperatures. It is found from the calculated energies that physical

DOI: 10.1039/¢7ra08387d adsorption takes place; the helicene can function as potassium and cesium captor and the K™ —helicene
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1. Introduction

Helicenes are polycyclic aromatic compounds consisting of
ortho-fused benzene rings with nonplanar topology with C,-
symmetric axis perpendicular to the axis of helicity as a result of
the steric repulsive interaction between terminal aromatic
rings.”® This makes them chiral even though they have no
center of chirality. The highly delocalized large m-electron
system of fully aromatic helicenes along with the previously
mentioned inherent chirality predetermines their unique
optical* and electronic® properties, as well as their use in many
fields of research including supramolecular chemistry,*”®
molecular recognition,'®"* and asymmetric organo- or transi-
tion metal catalysis.”>*?

[7]-Helicene (Fig. 1a) is a particularly interesting member of
the carbohelicene family. Seven contiguous benzenoid rings
give rise to a scaffold that completes one full turn of the helix
(Fig. 1b). Furthermore, the two terminal rings of this helicene
are co-facial (Fig. 1c).
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complex is more stable than the Cs*—helicene complex.

It was apparent to us that such a structure provides a central
cavity that could potentially host a suitably sized guest, with the
co-facial terminal rings providing a stabilizing interaction. In this
respect [7]-helicene would be functioning as a “molecular
tweezer”,'"* a term coined by Whitlock' to describe a simple
molecular receptor characterized by two flat, generally aromatic
pincers, separated by some kind of tether, which is more or less
rigid.*® Indeed, many recent studies have emerged the possibility
of [7}helicene acting as a molecular tweezer of alkali metal
cations (Li", Na', K, Cs"), and transition metals (Cr, Mo, W)."”

In recent years, several experimental and theoretical studies
have been carried out on helicenes and related molecules
including the determination of their racemization barriers,'®"
aromatic character*® and nonlinear optical properties (e.g. of
tetrathia-helicenes). However, interactions between helicenes
and atoms/ions as well as other molecules do not appear to have
been studied. This is attempted in the present investigations.

<)

Fig. 1 Hepta-helicene: (a) skeletal image; (b) as viewed from the side;
(c) as viewed from above.

This journal is © The Royal Society of Chemistry 2017
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We were therefore keen to investigate the experimental possi-
bility of [7]-helicene functioning as a chiral molecular tweezer of
metallic cations (K" and Cs*).

Our study is essentially based on two parts: in the first we
detailed the experimental method used to obtain the
adsorption isotherms of potassium and cesium onto thin
layer of hepta-helicenes at four temperatures. Secondly,
throughout the statistical physics formalism, we will propose
a new theoretical model which presents a high correlation
with the experimental curves to interpret the adsorption
processes.

2. Materials and methods

2.1. Adsorbent

The adsorbent used is the hepta-helicene: Fig. 2 shows the
reason why [7]-helicene (C3,H;5) alone has been chosen for the
present work.

The profile of the molecule shows the two terminal over-
lapping benzene rings in the form of a crocodile's jaws. Other
helicenes do not have such a profile. Therefore, it would be
worthwhile to investigate the nature of the interactions of [7]-
helicene with cations of alkali metals. In other words, how do
the ions and molecules slide into the ‘jaws’ of [7]-helicene and
how do the ‘jaws’ open up to receive the ‘food’? Such an
interaction might also be able to model, e.g. drug-DNA inter-
actions. It has long been known through crystallographic
studies of the DNA-actinomycin D interacting system?* that as
the drug slides into DNA, DNA first opens up to receive the
incoming molecule and then ‘bites down’ on it through
stretching, bending, sliding and unwinding motions of the
sugar-phosphate backbone via the corresponding normal
modes. For [7]-helicene to mimic such interactions, it would
be of interest to see whether this relatively smaller molecule
has adequate flexibility in its backbone in the case of its
interaction with alkali metals.

Fig. 2 Profile of [7]-helicene seemingly trying to ‘devour’ an Alkali
metal.
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2.2. Adsorbates

The adsorbates used are the potassium chloride and the cesium
chloride:

Cesium chloride is the inorganic compound with the
formula CsCl. This colorless solid is an important source of
cesium ions in many applications. Cesium chloride dissolves in
water.

Potassium chloride (KCl) is a metal halide salt composed of
potassium and chloride. It is odorless and has a white or
colorless vitreous crystal appearance. The solid dissolves readily
in water and its solutions have a salt-like taste. KCI is used in
medicine and many other scientific applications.

The ultimate goal of this study was to explore the adsorption
phenomenon of alkali metal on a solid surface. The quartz
crystal microbalance (QCM) technique may be a comparatively
good and effective method for the monitoring of helicene
adsorption. The QCM method has been successfully used for
the investigation of the adsorption process at the solid-solution
interface.”>*

2.3. Adsorption experiments

The experimental setup for the adsorption measurements with
the quartz crystal microbalance is depicted in Fig. 3. The
QCM***¢ setup consisted of the coated electrode, the QCM
instrument, a crystal holder, and adsorption cell.

For film deposition, a volume of 30 pL of hepta-helicenes was
spin coated at 3000 rpm for 1 min onto the larger gold electrode
to cover the overlapping electrodes portion (Fig. 4). The coated
crystals were then dried at 100 °C for at least 2 h.

After drying, we started our measurements. The QCM crystal
holder was immersed in the adsorption cell filled with Vg =
100 mL of pure water. After stabilization of the QCM frequency
change, 100 pL of the prepared stock solution of KCl or CsCl was
injected and stirred with a magnetic stirrer; one hour was found
to be enough to reach adsorption equilibrium. The detection
signals and calculated adsorbed mass in the conventional QCM
are solely based on the assumption that the changes of the
fundamental piezoelectric frequency is proportional to the

Oo0oa
Oooo 4 Frequence analyser
Quartz crystal \
ricrobalance
< KClorCsCl
solution
Stirrerbar Electrode

~<—— Themostate water

~

Fig. 3 Experimental setup for adsorption measurements with QCM.
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Fig. 4 Helicene coated onto quartz crystal.

change of adsorbed mass on the surface of the quartz crystal
calculated from the classical Sauerbrey equation:*
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Fig. 5 Experimental adsorption isotherms of (a) potassium chloride
and (b) cesium chloride on a thin layer of hepta-helicenes for the four
temperatures.
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where AF is the frequency shift (Hz), F, is the resonant
frequency of the crystal (Hz), Am is the adsorbed amount (ug), A
is the active electrode area (cm?), p is the density of quartz
(2.648 g cm®), and u is the shear modulus of quartz (2.947 x
10" gem ' s72).

Thus, the constant terms can be combined together to give
a crystal sensitivity constant, C, which is specific to crystal:**

AF,,

Am = C (2)

where C = 56.6 ug~* cm? Hz for a 5 MHz AT-cut quartz crystal.
The resonant frequency of a 5 MHz quartz crystal can be
measured with a precision of about 0.01 Hz in vacuum and
0.1 Hz in liquids. Accordingly, very small masses on the nano-
gram and microgram scales could be measured by the QCM.

The adsorbed amount of potassium and cesium ions per unit
of area expressed in pg cm > is conducted directly from the
measured frequency after each injection (Fig. 5).

In the following we use a statistical physics treatment to
establish the expression of statistical model giving the adsorbed
quantity versus the concentration. Secondly we apply the
adequate analytical expression to fit experimental isotherms.

3. Theory

Measurement and modeling of adsorption isotherms has
attracted numerous researchers because of their application in
industrial practice. Numerous mathematical models for the
description of adsorption isotherms are available in the litera-
ture. Some of these models are based on theories of the
adsorption mechanism; others have been purely empirical, or
semi-empirical. It is difficult to have a unique mathematical
model whether theoretical or empirical that describes accu-
rately the adsorption isotherm. The criteria used to select the
most appropriate adsorption model were the degree of fit to the
experimental data and the simplicity of the interpretation of the
model. In our theoretical development, we rely on a statistical
physics treatment and some assumptions will be considered to
simplify the theoretical calculations. This theoretical base will
allow us to better interpret and to deduce information about
adsorption process at the microscopic scale.

Adsorption involves an exchange of particles from free state
to the adsorbed one. Its investigation cannot be performed
without employing the grand canonical ensemble to take into
account the particle number variation through the introduction
of a variable chemical potential u in the adsorption process.
Although the overall system is canonical, the canonical
ensemble and the grand canonical one are considered equiva-
lent as it is a macroscopic system. The fluctuations may be
neglected as the system is at the thermodynamic limit. There-
fore the system can be studied using the grand canonical
ensemble with the results being interpreted canonically.*

It is also assumed that the internal degree of freedom of the
adsorbate ions may be neglected in aqueous solution there by
allowing only the most important degree of freedom, ie. the
translational one, to be taken into account. This arises because
the electronic degree of freedom cannot be excited thermally

This journal is © The Royal Society of Chemistry 2017
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and the rotational degree of freedom is hampered in solution.
The vibrational degree of freedom can be neglected in
comparison with the translational one.

According to these assumptions, in liquid phase, the
adsorption reaction of liquid ions (4) onto receptor sites (S)
should include a stoichiometric coefficient n as shown in the
following equation:

nA+S s A,S (3)

where n represents the number of adsorbed ions per site A and
A,S is the formed metal-helicene complex.***'

The grand canonical partition function in this case, for only
one site, has the form:

Zge = Zefﬁ(fﬂfﬂ)N; (4)
Ni

where N; is the state of occupation number, § is the Boltzmann
factor, (—¢;) is the receptor site adsorption energy and u is the
chemical potential. The total grand canonical partition function
related to Ny, receptor sites per surface unit, which is assumed
to be independent and identical, is written as:*?

ch = (ch(Tuu))NM (5)

The occupation number for Ny, identical receptor sites is
therefore given as follow:*

9 In(zg)

No = NMkBT (6)
u

The adsorbed quantity (Q) is given per unit surface, because
the density of receptor sites (Ny) is written per unit surface and
is written as:***

Q0 =nN, )

Finally, to get any model expression, it is sufficient to write
the adequate grand canonical partition function and follow the
last steps (eqn (4)—(7)). The use of statistical physics principles
will allow, firstly, establishing the model expressions and
secondly, to better interpret and deduce information about
adsorption process at a molecular level, which could not be
achieved by means of empirical models.

There are many theories relating to adsorption equilibrium.
So, three models are proposed: monolayer, double layer and
finite multilayer models. For the first model, there are three
fitting parameters, for the second, it is assumed that each
receptor site can be empty or occupied once or twice whereas for
the third model we assumed that L, layers of adsorbed ions are
formed one after the other with the first energy (—¢;) and L,
layers with the energy (—¢,).

The equations of these models and their corresponding
grand canonical partition functions are summarized in Table 1.

With A, B and C are functions of the concentration such as:

_XI(L|+1)(L1 +1) X1(1 —X1<L1+l))

A=
1-Xx (1-Xx,)°

(11)
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1— Xz 1— XZ
X xR (1 - Xk
1 2 ( : 2 ) (12)
(1-Xx)

Co (1 - XI(LIH)) X]L'Xz(l - Xsz)
- 1-X; 1-X

n n
c c

where: X; = (—) and X, = (—) .
1 (%)

In the expression of adsorbed quantity given by each model
there are two classes of parameters, the first is a steric aspect
such as the number of ions per site n, the density of receptor
sites Ny, and the two average number of adsorbed layers L; and
L,, the second aspect is energetic one given by the parameters ¢;
and ¢, which are function of the adsorption energies.

(13)

AE

¢ =cse RT (14)
ABy

¢y = ¢s€ RT (15)

with (—AE;%) and (—AE,") are the molar adsorption energies, ¢,
is the solubility of adsorbate in aqueous solution and R
(8.314 ] K * mol ") is the ideal gas constant.

We note that our experimental data present a decreasing in
the adsorbed quantity after saturation. So in the next step, we
will prove that these three statistical models can't describe the
adsorption isotherms of potassium and cesium on hepta-
helicene.

3.1. Fitting results

Our objective is to select the adequate model, which presents
a high correlation with the experimental curves. To fit these
adsorption isotherms, computational software was applied
based on the Levenberg-Marquardt iterating algorithm using
a multivariable non-linear regression.

The figure of merit used as indicator of the overall goodness-
of-fit of the model to the data is the multiple correlation coef-
ficients squared, R* also known as the coefficient of determi-
nation which is a standardized measure of the goodness-of-fit.
This coefficient is given by:**

np np

Z (Qi,exp - @i,exp)z - Z (Qi.exp - Qi,model)2

i i

R=1-|]1-

npy

Z (QIZQXD - @t}exp)2

i

(16)

where Q;moder is €ach value of Q predicted by the fitted model,
Qjexp 18 each value of Q measured experimentally, Q,-,exp is the
average of Q experimentally measured, n, is the number of
experiments performed and p is the number of parameters of
the fitted model.

RSC Adv., 2017, 7, 44712-44723 | 44715
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Table 1 Analytical expressions of the three models and their corresponding grand canonical partition functions

Statistical model Partition function

Adsorbed quantity

Mono-layer Zoge = 1 + P nNy
v £ 0 =nNy = " (8)
1+ (2)
Double-layer Zge = 1 + Pl o eflertertan) ( < )" 42 ( < ) 2n
c C
Q=nNy—~, 2 _ o ZC 5+ (9)
@)+ Q)
Cl C2
Multi-layer Ly _ L o nNum(A4 + B(c, ¢1, ¢2))
fe= e HCamIN e—B(-Lier=Niez—(N+L1)w)N; 0= Cleen0) (10)
Ni=0 N=L+1

The choice of the ideal fitting model is based on two criteria:
the first one is obtained when the value of R* is close to the unit
and the best fitting result is established once the residuals
between the experimental data and adsorbed quantities value
predicted by the model are minimized according to a deter-
mined level of confidence. In our case, the level of confidence
was set at 95%. The second is that the parameters are acceptable
and can facilitate and enrich the interpretation of the adsorp-
tion process.

In Tables 2 and 3 we present the R* values deduced from the
fit of the experimental adsorption isotherms of the potassium
and cesium onto helicenes.

We noticed that the values of adjustment coefficients R*
given by these models vary from 0.68 to 0.89. These fitting
values don't reach the level of confidence. So, we conclude that
the adsorption of potassium and cesium ions cannot be
explained by these models.

In comparison between the three models we note that the
monolayer model presents the best values of R” which traduce
a physical reason that the adsorption cannot exceed one layer.
Nevertheless, this model cannot fit the adsorption isotherms
with good approximation.

The principal motivation to find another model is that the
adsorption isotherms present a decrease of adsorbed quantity
versus concentration such behavior cannot be explained by the
three previous models. Therefore, a new model will be devel-
oped throughout the processing statistical physics and we will
show that the proposed model is sufficiently flexible to give
a good representation of the experimental data.

3.2. New theoretical development

In order to develop the expression of this model, a variable
number of potassium or cesium ion are hypothesized to be
adsorbed onto two different adsorption sites having different

Table 2 Values of R? of fitting potassium chloride—helicene by mono-
layer, double-layer and multi-layer models

energy level. The number of sites of the first type is Ny sites per
unit of surface and the number of the second type is Ny,. We
suppose that the adsorption onto the first type is carried out
with the energy (—¢,) and onto the second type with the energy
(—e2). We define the state of occupation N; and it is assumed
that any given receptor site can either be empty, and conse-
quently N; takes the value 0, or occupied so N; is equal to the
unit. In this case, we can write the grand canonical partition
function for each type of receptor site:

— 1 + BfEtr) (17)

(18)

where 214, 22 are the partition functions of the two types of
sites, u; and u, being the chemical potential of adsorbed ions in
different types of sites.

The total grand canonical partition function has the
following form:

Z]gc

Zrge = 1 + efeti)

ch = (Zlgc)NMI(Z2gc)NM2 (19)

The choice of two energies levels is not arbitrary but based
on physical reasons. The first is based on work elaborated by
Tan et al.** which suggest that the helicene might be open its
two terminal overlapping benzene rings to form a crocodile’s
jaws able to attract the alkali cations. The second one is that the
helicene molecule presents aromatic cycles and for electrostatic
reason can probably attract the ions.

Using the same treatment elaborated by Nakhli et al.,*” the
adsorbed quantity versus concentration is written as:

_ 11 Ny 1Ny
- c\ 1 + o\ 2
(3" 1+ ()

c ¢
where ¢; and ¢, are two energetic parameters which can be
written as:

0 (20)

Table 3 Values of R? of fitting cesium chloride—helicene by mono-
layer, double-layer and multi-layer models

T (K) 298 303 308 313

Mono-layer 0.69711 0.69795 0.89763 0.79476
Double-layer 0.87541 0.78373 0.67149 0.78792
Multi-layer 0.79832 0.89806 0.79804 0.79779

44716 | RSC Adv., 2017, 7, 4471244723

T (K) 298 303 308 313

Mono-layer 0.89711 0.79795 0.79763 0.89476
Double-layer 0.87541 0.68373 0.77149 0.88792
Multi-layer 0.79832 0.69806 0.69804 0.86779

This journal is © The Royal Society of Chemistry 2017
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28ac -2
c1 = wi(1 — be)e**e T-be (21)

5 __bc_
¢p =wy(1 —be)e Bace™T-pe (22)

with @ and b being two parameters reproducing the interaction
between the adsorbate during the adsorption process. The
coefficients w, and w, are written as function of the energies of
adsorption.

AE“

Wy = c¢se RT (23)
AEy

Wy = c€ RT (24)

with ¢, is the solubility of adsorbate in aqueous solution, R is the
ideal gas constant and T is the isotherm temperature. (—AE;“)
and (—AE,) are the adsorption energies at the first type of site
and the second one, respectively.

Finally, using the equilibrium condition and the previous
definition given by eqn (7) the adsorbed quantity versus
concentration is given by the following expression:

The expression of this model giving the adsorbed quantity
versus concentration involves six physicochemical parameters.
The parameters numbers of ions per site (n; and n,) imply that
the receptor site can be either empty or occupied by one or more
potassium or cesium ion. The Ny and Ny, density of receptor
sites, give information about partial saturation when the totality
of type of sites is occupied. ¢; and ¢, are two energetic parameters.

The proposed model will be simulated to the experimental
adsorption isotherm.

In Table 4 we present the R> values deduced from the fit of
the experimental adsorption isotherms of the potassium chlo-
ride and cesium chloride to helicene.

In Fig. 6 we illustrate the fit of adsorption isotherms at four
temperatures by new model.

We noticed that our model presents the high R* values in
comparison with the three previous models. These values vary
from 0.995 to 0.998 and the fitting parameters are acceptable
physically. So, we conclude that, using a statistical physics
treatment, the proposed model is sufficiently flexible to give
a good representation of the experimental data and it is able to
predict some information about the adsorption of the alkali
metals onto the adsorbent surface.

In the next section, we will investigate the effect of each
parameter on the adsorbed quantity versus the adsorbate
concentration.

3.3. Physical interpretations of the model parameters

To better understand the physical significance of the six
physico-chemical parameters: 7y, 1,, Ny, Nm2, €1 and ¢, of the

Table 4 Values of coefficient of determination R? of fitting by the new
model

Isotherms T=298K T=303K T=308K T=313K
Potassium-helicene 0.996 0.995 0.998 0.997
Cesium-helicene 0.997 0.998 0.997 0.996

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Experimental data of adsorption isotherms of (a) potassium and
(b) cesium fitted by statistical model (illustrated by different lines at
different colors) at different temperatures.

new model with two energy levels, the effect of each parameter
on the adsorption isotherms of potassium and cesium onto
hepta-helicene will be investigated.

3.3.1. Effect of n; and n,. The parameter n; and n, are
stoichiometric coefficients in the adsorption process. As
proposed by Knani et al,*® these numbers also convey the
anchorage manner of the adsorbate onto the adsorbent and
they can be greater or smaller than 1.

The effect of such steric parameters on the adsorption
process may be understood from Fig. 7 where the relationship
between the adsorbed quantity and the adsorbate concentration
is plotted for four values of n; and n,. We can note that the
number of ions per site n; and n, are relevant in the behavior of
the isotherm. Indeed, the greater the value of n; and n,, the
greater is the adsorbed quantity for both systems. We can also
notice that the parameter n; acts on the first part of the
isotherm until saturation, and then the parameter n, is man-
ifested beyond the first partial saturation due to energetic
consideration. In fact, the receptor sites that have the stronger

RSC Adv., 2017, 7, 44712-44723 | 44717


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra08387d

Open Access Article. Published on 19 September 2017. Downloaded on 2/8/2026 8:14:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

N
o
T

5
) n =0.2
2 15F 1
g n =04
3 n =0.6
n =0.8
5F
saaaliag RN IR AR R R T FE N R R TR sles s s e el s aan sl
0.00 0.01 0.02 0.03 0.04 0.05
c(moll/l)
35
(b)
0F /—\
25 E
—20F
E 3 n,=0.8
25E n,=1.0
o n=1.2
10 F =
g n2—1.4
5F
0 E|||||||||||n||||||||||||||n|||||||||||||||||||||||||||||||||||||||
0.00 0.01 0.02 0.03 0.04 0.05
c(mol/l)

Fig. 7 Influence of parameters n; (a) and n, (b) on the shapes of
adsorption isotherms generated by the statistical model.

energy will be rapidly and easily occupied. However, at low
concentrations, only the first-type receptor sites are occupied.
Then the number of ions per site n, intervenes after the first
partial saturation, which is relevant at high concentration when
the totality of receptor sites is occupied.

3.3.2. Effect of Ny, and Nyp,. The influence of Ny, and Ny,
on the adsorbed quantity is reported in Fig. 8.

The quantities Ny;; and Ny, are parameters associated with
the number of receptor sites and, thus, a steric coefficients.
These constants are responsible for the receptor sites accessible
to adsorbate ions. We can notice that the influence of Nyi—1, 2)
is similar as that observed for n;;_; ») because these four
constants are steric parameters related to the monolayer
formation. It can also be noted that the increase of Ny; and Ny,
values is followed by the rise of the adsorbed quantity. This is
due to the high probability of finding a sufficient number of
empty sites to be occupied by the adsorbates.

3.3.3. Effect of energetic parameters c¢; and c,. These
parameters appear as energetic coefficients governing the dynamics
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Fig. 8 Influence of the number of the density of receptor sites Ny (a)
and N2 (b) on the plots of adsorption isotherms.

of the adsorption process. It should also be noted that ¢, and ¢, are
coefficients that contain the temperature effect; this is arising from
the Boltzmann factor and from the partition function. The effect of
¢; and ¢, on the adsorption isotherm is shown in Fig. 9.

We notice that ¢; is the concentration at half-saturation
which changes the shape of isotherms at low concentrations
and c, is the concentration at half saturation which intervenes
at high concentration. By increasing c;, we notice that the
adsorption is delayed with concentration. The greater the value
of ¢, is, the lower the adsorbed amount becomes. Also the rise in
the value of the constant ¢, decreases the adsorbed quantity at
high concentrations. A simple question can arise regarding the
physical meaning of ¢, and ¢, and why they govern the dynamics
of adsorption.

This can be easily understood if we observe that both ¢; and
¢, are functions of the specific adsorption energies (—AE;%) and
(—AE,%) (k] mol™") of the ions on receptor sites which are stated
in the expressions (14) and (15). ¢; increases as adsorption
energy increases algebraically (decreases in module). Therefore,

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Effect of concentrations at half-saturation ¢, (a) and ¢, (b) on
the shapes of adsorption isotherms given by the new model.

at large values of ¢; and c, that correspond to low energies
values in module, i.e. a low binding energy, the adsorption is
reduced. Therefore, we can conclude that the receptor sites that
have the stronger energy will be rapidly occupied and the
adsorbed amount becomes more important.

The different parameter values of the fitted adsorption
isotherms of K" and Cs® ions and their evolutions versus
temperature will be interpreted in the following section.

4. Microscopic study of adsorption
processes
The parameters deduced from the fitting of the experimental

adsorption isotherms by numerical simulation are presented in
Table 5.

4.1. Steric interpretations

4.1.1. Numbers of ions per site n; and n,. From Table 5 one
can note that all values of n; are smaller than 1 for both systems.
As proposed by Knani et al***° this number n;;_,, 5 can be

This journal is © The Royal Society of Chemistry 2017
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either superior or inferior to 1. For n superior to 1, this
parameter represents the number of particles per site i.e. one
site can be occupied by more than 1 ion. For the case n; inferior
to 1 a fraction of ion is adsorbed which imply that one ion is
adsorbed on more than 1 site. So, 1/n; is the anchorage number
which represents the number of sites occupied by one ion. The
number of ions per site can be also written as percentage of two
types of anchorage. For example, for the adsorption of K™ at 298
K, n, is equal to 0.76, this value can be written as the weighted
average between 1/2 and 1, giving a number of anchorages »’
varying between 1 and 2. The value of n, represents an average
between two types of K ions having one anchorage (n,’ = 1) and
two anchorages (n,’ = 2). If x denote the percentage of ions with
a single anchorage, the percentage of ions having two anchor-
ages is then (1 — x). Therefore one can write: 0.76 = x x 1 +
(1 — x) x 0.5, which rules out that 52% of K" ions are anchored
with a single anchorage and 48% of K" ions were also anchored
with two sites, indicating multi-anchorage adsorption.

Concerning the number of adsorbed ions per site n,, they are
always greater than the unit for both systems at the four
temperatures. So, two adsorbate ions can be gathered in solu-
tion forming a kind of aggregate and can be anchored on one
site.

n, is normally an integer but its fitted values are not, since
they are an average of some successive integer values. For
example, the value of n, is equal to 1.02 for the adsorption of K" at
298 K. In the same way n, can be deduced as average value
between two successive integers 1 and 2. This means that the
receptor site will be occupied by one or two ions with the
respective percentages x and (1 — x). Then, we can write: 1.02 =
1 x x + (1 — x) x 2 which gives a rate of 98% of receptor sites are
occupied by one ion and 2% of receptor sites are occupied by two
ions indicating that no aggregation occurred prior and during the
adsorption process. This is simply due to the repulsive electro-
static positive charge of adsorbate ions K" and Cs".

The variation versus temperature of the numbers of ions per
sites n; and n, is reported in Fig. 10. It is shown that the
numbers of adsorbed ions n; and n, for the studied systems
increased with the temperature. This is due to the thermal
agitation effect.

4.1.2. Densities of receptor sites Ny; and Nyy,. These steric
parameters Ny; and Ny, give information about the numbers of
receptor sites accessible to the adsorbed ions. They also
described the occupied receptor sites per unit surface when the
saturation point is reached.

The densities Nyy; and Ny, notably increase (Fig. 11) versus
temperature for both systems. Indeed, these densities for each
ion are relatively similar to the corresponding n, and n,. So, it
can be noted that the increase in temperature allow the
formation of supplementary active sites that are hidden at low
temperatures due probably to energetic reasons which leads to
an increase in the amount of adsorbed ions.

However, it is not possible to predict what kind of chemical
or physical binding of the molecule with the receptor sites.
Nevertheless, from the binding energy, i.e., adsorption energies
(—AE;%) and (—AE,%) we can propose some different cases,
which are plausible with the numerical values.
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Table 5 Values of adjustment parameters corresponding to the fitting with statistical model of the potassium on helicenes (systems (a)) and

cesium on helicenes (systems (b))

Isotherms T =298 K T =303 K T =308 K T =313 K
System (a): potassium-helicenes n, = 0.76723 n; = 0.85923 n, = 0.89974 n, = 0.98655
n, = 1.02397 n, = 1.04551 n, = 1.07407 n, = 1.08035

Ny = 12.20231
Nz = 11.9603

w, = 0.00002
wy = 0.0002
¢, = 0.0002
¢, = 0.01008
System (b): cesium-helicenes n, = 0.61511
n, = 1.00164

Ny = 8.12675
Ny = 7.21648

w; = 0.00003
w, = 0.001
¢; = 0.00301
¢, = 0.07587
1.0 ¢
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Fig.10 Evolution of the numbers of ions per site n, (a) and n, (b) for K*
and Cs* as a function of temperature.
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Ny = 13.63313
Nz = 12.07024

w, = 0.00003
w, = 0.00015
¢1 = 0.00025
¢, = 0.01652
n; = 0.73827
n, = 1.03456

Ny = 10.31894
Nz = 10.31587

N = 14.73793
Nyz = 13.32572

w, = 0.00004
w, = 0.005

¢1 = 0.00027
¢, = 0.01379
n; = 0.86247
n, = 1.06478

Ny = 11.85264
Ny = 12.31584

N = 17.04737
Nuiz = 16.42445

w, = 0.00006
w, = 0.006

¢1 = 0.00028
¢, = 0.01546
n; = 0.88247
n, = 1.09813

Ny = 13.09462
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w, = 0.003 w, = 0.00041 w, = 0.005
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of potassium and cesium in function of temperature.
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Fig. 12 Behavior of monolayer adsorbed quantities Q4 (a) and Q> (b)
of potassium and cesium ions as a function of temperature.

4.1.3. Monolayer adsorbed quantities Q,; and Q,,. The
amounts of adsorbed monolayer Q,; and Q,, indicate the quan-
tity of potassium or cesium adsorbed at first layer. These adsor-
bed quantities at saturation are related to 14, n, and Ny, Ny, by
the relations: Q,; = ny+Ny; and Qap = Ny«Nyy,. The variations of
these parameters for the two systems are given in Fig. 12.

It can be seen that the values increased with increased
temperature. This behavior is not seen commonly and it can be
explained using the correlation of the steric parameters (74, n,,
Ny and Ny, ). Aforementioned, the numbers of ions on per site
and the densities of receptor sites increased depending on the
temperature. Consequently, the behavior of these steric
parameters led to the increase of the monolayer adsorbed
quantities with the temperature.

The adsorption process is governed by the previous param-
eters. Nevertheless, these parameters cannot explain the
decrease of adsorbed quantities after partial saturation. Then,
the energetic parameters ¢; and ¢, can explain this behavior.
Therefore, the adsorption energies constitute a dominant factor
of the adsorption process.
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Table 6 Adsorption energies of (a) K*—helicene at 298 K, 303 K, 308 K
and 313 K

T (K) —AE;,* (k] mol™) —AE,* (k] mol ™)
298 —35.66 —25.96

303 —35.70 —25.21

308 —36.09 —25.80

313 —36.58 —26.59

4.2. Energetic interpretations and adsorption energies

In general, the adsorption process is controlled by the adsorp-
tion energy. The molar adsorption energies (—AE;*) and
(—AE,%) characterize the interactions between the adsorbate
ions and the adsorbent surface. Using the values of the
parameters w; and w, given in eqn (23) and (24) the adsorption
energies can be written as:

—AEla = RTII’I(WI/CSi) (25)

—AE>* = RT In(w/cg) (26)
where cg; is the solubility of potassium or cesium ions.

According to the literature, the type of interaction can be
classified, to a certain extent, by the magnitude of the change in
adsorption energy. Physical adsorptions such as hydrogen
bonding or van der Waals forces usually prove energies values
|AE?| < 30 kJ mol~*.*»* Other physical adsorption mechanisms
such as electrostatic interactions were between 10 and
50 kJ mol ™ '.*> Whereas, chemical adsorptions such as covalent
binding force or ionic link are usually |AE?| > 80 k] mol~".*” The
calculated adsorption energies are illustrated in Tables 6 and 7.

One can note that the different values of the adsorption
energies |AE“| are <40 k] mol ™", which imply that the adsorp-
tion of K" and Cs' ions on hepta-helicenes take place via
physical adsorption such binding is electrostatic interactions.
These findings are agree with the work elaborated by Tan et al.**
and Tsuzuki et al* which suggest that the interaction of [7]-
helicene with alkali cations brings in the important problem
of cation—-m interactions**™° constitute a general non-covalent
binding force. So, the alkali metals are physisorbed onto the
adsorbent helicenes.

It is also noted that the adsorption energies of K" are supe-
rior to Cs” which imply that K'-helicene is more stable than the
complex Cs'-helicene. Such proposition is agree with the work
of Saini et al.*” which elucidate that the helicene can be used as
a biosensor of K" and Cs" with same order of stability.

Table 7 Adsorption energies of (b) Cs*—helicene at 298 K, 303 K, 308
Kand 313 K

T (K) —AE;* (k] mol ™) —AE," (k] mol ™)
298 —33.02 —23.05
303 —-33.29 —-23.31
308 —34.13 —24.04
313 —35.01 —24.67
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5. Conclusion

The adsorption of potassium and cesium ions onto hepta-
Helicens molecules was studied by the grand canonical
ensemble in statistical physics, to find new microscopic inter-
pretations. The adsorption measurements have been carried
out using a quartz crystal microbalance. A new statistical model
with two energies was developed and applied for these systems.
It was found that the proposed statistical treatment is suffi-
ciently flexible to give a good representation of experimental
data. Some physicochemical parameters related to the adsorp-
tion process were introduced in the analytical model expression
and they were directly obtained from the fitting of the experi-
mental adsorption isotherms by numerical simulation.

These parameters are divided into two types. The first type of
parameters contains four main parameters, namely the number
of ions per site, n, and n,, and the densities of receptor sites Ny
as well as Nyy,. The second type of parameters is mainly the two
energetic parameters c¢; and ¢, which respectively referred to the
concentrations at half saturations.

The fitting values of n; and n, show that the numbers of
adsorbed ions K" and Cs" increased with the temperature which
is due to the thermal agitation effect. The study of the density of
receptor sites Ny; and Ny, indicates that when the temperature
increases new hidden sites appear and participate in the
adsorption which leads to an increase in the amount of adsor-
bed ions. The values of the adsorption energies obtained
through the model indicated that both adsorptions processes
were typical of a physisorption which electrostatic interactions
are involved, the [7]-helicene could function as potassium and
cesium sensor and the K'-helicene complex is more stable than
the Cs'-helicene complex.
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