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The interaction between the silver ion and the cyclic aromatic molecules, namely, the helicenes, is the subject of this paper. In fact, a
silver complexation system based on quartz crystal microbalance (QCM) sensor with a functional film of helicenes has been
designed and developed at four temperatures. The developed system, in which the sensor response reflects the adsorption of the
hexahelicene and the heptahelicene, was able to control the complexed mass of silver for each concentration. Experimental
outcomes indicated that the quartz crystal coated with heptahelicene is the adequate material for silver adsorption. Then, a
theoretical study has been performed through two statistical physics models (SMPG and SMRG) in order to analyze the
experimental adsorption isotherms of the two helicenes at the ionic scale. The SMRG model was developed using the real gas
law and was satisfactorily applied for the microscopic investigation of the hexahelicene isotherms indicating that the lateral
interactions between the adsorbates are responsible of the decrease of the adsorbed quantity at saturation. The interpretation of
the two models’ parameters indicated that the adsorption of the two helicenes is an endothermic phenomenon. Interestingly, the
heptahelicene is recommended for silver complexation because it shows the highest adsorption energies involving chemical
bonds during the complexation process. The SMPG model and the SMRG model also allow prediction of three thermodynamic
functions (configurational entropy, Gibbs free enthalpy, and internal energy) which govern the adsorption mechanism of silver
on the two helicenes.

1. Introduction

The hexahelicene and the heptahelicene are interesting mem-
bers of the carbohelicene family which provide a central cav-
ity suitable for complexing cationic ions [1, 2]. These
molecules are characterized by their helical geometry and
their extraordinary electronic properties ([3–5], and they
are involved in numerous fields of research including molec-
ular recognition [6, 7], supramolecular chemistry [8], and
catalysis of transition metal [9]. The profile of these mole-
cules shows the two terminal rings of benzene overlapping
like “jaws of a crocodile” which permits their use for the
advancement of the metallic sandwich systems in organome-

tallic chemistry [10, 11]. The complexation of helicenes by
metals suggests the construction of future devices in
optoelectronics as the chiral waveguides. We can also think
of the design of newmaterials for the modulation of informa-
tion in the telecommunications field ([12]). So, it is intriguing
to check if these small molecules have the adequate adapt-
ability to complex the cationic metals [13, 14].

In this way, it has been recently shown that the hexaheli-
cene and the heptahelicene can complex the alkali metals
(K+, Li+, …) [15, 16]. Other examinations suggested that
the hexahelicene can complex the metallic silver ion (Ag+)
(Figure 1(a)) [17]. However, the binding of the silver particle
in the focal cavity of hexahelicene has been exhibited, given
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that the counter ion is quickly coordinating. In this coupling
mode, the hexahelicene is working as a chiral molecular
tweezer of silver but the resulting bond is not strong and
the formed complex is not stable [18, 19].

On the other hand, until now, no deep investigation has
been performed to use the heptahelicene as a complexing
compound of silver despite the importance of the silver-
heptahelicene complex (Figure 1(b)) in several interesting
fields; for example, it can be used for the construction of
solid-state devices (e.g., electric conductors [20]). This is sur-
prising since the previously studied complexes indicated that
the complexes of heptahelicene were more stable than the
corresponding complexes of hexahelicene [21]. Therefore,
in this work, a quartz crystal microbalance (QCM) ([15, 22]
is used to control the interaction between the univalent silver
ion (Ag+) and the two helicenes (the hexahelicene and the
heptahelicene).

The QCM strategy includes the preparation of thin film
of composite doped on quartz crystal which permits out-
standing control over the adsorbed film thickness. Other
techniques have been adopted to cover the electrode surface
with similar composites, e.g., direct adsorption, incorpora-
tion inside PVC or other inert polymer matrices, and
polymerization-deposition of the species of interest on the
electrode surface [23]. But the quartz crystal microbalance
was more effective than the other methods [24]. The QCM
strategy involves the spin coating of helicene volume on the
quartz electrode to cover the overlapping electrode portion.
The goal is to obtain appropriate films which should be
homogeneous over the whole surface of the quartz crystal
[25, 26]. Indeed, the first part of this work is aimed at control-
ling the adsorbed mass of silver on helicene layers at different
temperatures using the QCM apparatus [26, 27]. The second
part is devoted to the modeling of these isotherms using the
adsorption models developed through statistical physics
treatment [28]. The interpretation of the physicochemical
parameters involved in the statistical physics models plays a
crucial role in the selection of the best complexing adsorbent
of silver regarding its stability and reactivity.

In summary, three goals are suggested in this research
work: (1) confirming that the helicene molecules (the hexa-
helicene and the heptahelicene) can function as sensors of
the silver ion, (2) choosing the appropriate adsorbent for sil-
ver complexation by analyzing the experimental results: the
selection of the best adsorbent depends on the comparison
of the adsorption capacities of the hexahelicene and the hep-

tahelicene, and (3) interpreting the complexation mechanism
at the ionic level through the parameters involved in the
statistical physics models and verifying the choice of the best
adsorbent through an energetic study.

2. Materials and Methods

For many years, the QCM has been considered as a gas phase
mass detector. In 1959, Sauerbrey [29] introduced a relation
giving the variation of the resonant frequency of the quartz
according to the deposited mass. Then, Nomura and Oku-
hara [30] demonstrated that the piezoelectric quartz crystal
can oscillate in a liquid medium. They thought about its
application at the solid-liquid interface. The progress of the
QCM application motivated us to use this experimental
approach for the measurement of the adsorption isotherms
of helicenes.

2.1. Experimental Setup Description. Figure 2 represents the
experimental setup of the QCM strategy.

The piezoelectric quartz crystal is the main constituent of
the QCM setup. Natural or synthetic quartz crystal is cut in a
specific orientation around the OY axis giving rise mainly to
two types of thin disc: AT and BT. The AT cut is used in this
work because it is the best known cut since 1934. It consti-
tutes most of all the crystals (around 90%) [31]. This cut is
used for a frequency ranging from 0.5 to 300MHz. They
are sensitive to the mechanical constraints caused by the
external forces or by the temperature gradients. The quartz
crystals used in these experiments are covered on both sides
with gold of thickness varying from 100 to 1000 nm. The
thickness of the crystal is about 331μm. It should be also
noted that the crystals used are polished and have a diameter
of 2.54 cm.

The preparation of the adsorption cell requires the clean-
ing of the gold electrode of the quartz crystal and the deposi-
tion of the substrate on the quartz surface. First of all, the
layer of resin, which is applied to protect the crystal surface,
was removed using a well-defined cleaning protocol [32].
The disc was rinsed with acetone and deionizer water
followed with drying. Then, the gold electrode was cleaned
with a Piranha solution at room temperature for 1 to 5
minutes. After this cleaning treatment, the crystals were thor-
oughly rinsed with deionizer water and ethanol and dried by
applying high purity nitrogen to remove any remaining
water. The resonant frequency of the blank crystal was
recorded. Then, the functionalization of the active surface
of the crystal was carried out by spin coating of the adsorbent
(the hexahelicene or the heptahelicene) solution. For film
deposition, a volume of 40μL of the adsorbent was spin
coated at 3000 rpm for 1 minute on the largest gold electrode.
The coated crystals were then dried at 100°C for at least 2 h.
The goal was to obtain a uniform deposited film over the
entire crystal surface. Then, the resonant frequency of the
quartz crystal coated with the helicene film was measured.
Thus, we have ensured that the deposited film of helicenes
produced a variation of the resonant frequency of the quartz
crystal which makes sure the presence of functionalized film
on chip surface. Using the Sauerbrey equation (Equation (2)),
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Figure 1: Illustration of the (a) silver-[6]helicene complex and the
(b) silver-[7]helicene complex.
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the mass of the deposited helicenes on adsorption cell was
calculated by the intermediate of the difference between the
frequencies of the blank crystal and the coated crystal. The
mass of the helicene film per unit of surface is about
209.9μg/cm2. It should be noted that the frequency of the
coated crystal with hexahelicene is almost equal to the fre-
quency of the coated crystal with heptahelicene since the
quartz crystals were functionalized with the same volume of
the two helicenes under the same experimental conditions.
This confirms that the two different helicenes formed the
same type of film. It should be also noticed that the determi-
nation of the adsorbed mass of silver onto the adsorption cell
did not include the effect of the helicene film. This can be
demonstrated by Equation (4) which shows clearly that the
variation of the resonant frequency of the quartz crystal Δf
is only due to the mass variation Δm of silver and does not
include the effect of the deposited mass of helicenes since
the frequency F0, which characterizes the deposited helicene
film and the effect of the hydrostatic pressure in the reactor, is
eliminated from the frequency variation Δf .

After drying, the adsorption cell (crystal coated with heli-
cenes) was inserted into the Teflon probe. We noticed that a
wrong orientation of the quartz crystal in the probe leads to a
malfunction of the QCM. This was resolved by placing the
crystal in a probe alignment mark. Then, we operated by a
rotation of the crystal with an angle of 90° in the positive
direction. A ring was placed in front of the crystal to protect
the electrode from the penetration of the liquid in the Teflon
probe. The connection of the probe with the monitor was
assured by means of a coaxial cable. During the experiments,
the frequency variation was computed by a Maxtek PM700
frequency meter. Note that a thermometer was used to
control the temperature in the reactor during the isotherm
measurement. Thus, the thermal equilibrium was ensured
by water circulation around the adsorption cell through a
bain-marie which was maintained at a constant temperature.

2.2. Measurement Protocol

2.2.1. Sauerbrey’s Equation. The quartz crystal is formed by a
pair of electrodes that connects the two sides which ensures

the connection to the oscillator circuit and the contact with
the experimental environment. The piezoelectric crystal,
which is covered with gold layer on the two sides, is brought
into resonance by means of an alternating electric current.
The alternating voltage induces the oscillation of the crystal
at the resonant frequency [33]. The disturbance at the crystal
surface affects immediately the oscillation frequency; there-
fore, the experiments should be carried out in a tightly closed
system for best results. The resonant frequency is determined
with accuracy usually less than 1Hz. The quantity of
adsorbed material on the crystal surface is determined with
a detection limit of 5 ng/cm2 in liquid medium using a quartz
crystal of 5MHz [33]. The slight mass variation of one of the
electrodes induces a slight decrease in the quartz resonance
frequency. This effect is modeled by the Sauerbrey equation
[29] which links the mass variation on the electrodes Δm to
the resonant frequency variation Δf . Thus, Sauerbrey
hypothesized that for small mass change, the added mass
could be treated as an additional mass of the quartz. The
linear relationship between the frequency change (Δf ) and
the mass variation (Δm) is expressed as follows [29, 34]:

Δf = −
2 ⋅ f 20
A ⋅ ρ ⋅ υ

 !
⋅ Δm, ð1Þ

where A is the area of the sensitive surface of quartz (cm2), ρ
is the crystal density (g/cm3), υ is the propagation speed of
the acoustic wave (3336 × 105cm/s), f 0 is the resonant fre-
quency of the crystal before deposition (Hz), Δf is the reso-
nant frequency variation (Hz), and Δm is the deposited
mass on the quartz (μg/cm2).

This equation is called the Sauerbrey equation which can
be also written as [29, 35]

Δm = −
Δf
C

: ð2Þ

This equation introduces the Sauerbrey constant C
(Hz·cm2/μg) which is the specific characteristic of the crystal
and describes the linear sensitivity factor. Note also that the
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Figure 2: Experimental setup of the quartz crystal microbalance (QCM) devoted for the measurement of the experimental adsorption
isotherms of silver nitrate on heptahelicene and hexahelicene.
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resonant frequency of a quartz crystal (5MHz) can be mea-
sured with an accuracy of 0.01Hz in vacuum and 0.1Hz in
liquids. Accordingly, very small masses of the nanogram
scale can be measured with the QCM.

2.2.2. Isotherm Measurement. In the reactor filled with the
buffer solution (V s = 100mL), the adsorption cell was
immersed until the stabilization of the crystal frequency.
Once the crystal was immerged in water, a frequency change
was observed due to the hydrostatic pressure. This resonant
frequency of the coated crystal was noted F0 (Hz) and was
used as reference in our measurement. Then, volumes of
adsorbate (AgNO3) were injected in order to increase the sil-
ver concentration in the reactor.

Adding a volume Vad (μL) to the initial volume V s
(100mL) allowed obtaining concentrations of solution rang-
ing from 10-7mol·L-1 to 0.01mol·L-1. If we note by c0 = 10−4
mol · L−1 the concentration of the buffer solution of silver
nitrate already prepared and we want to obtain a final
concentration in the reactor cf = 10−7 mol · L−1, the added
volume can be calculated based on the law of conservation
of matter as follows:

Vad =
cf × V s
c0

: ð3Þ

The added volumes for each concentration were calcu-
lated according to the last equation, and the additions were
made using a micropipette. For example, to obtain the con-
centration 10-7mol·L-1, 100μL of silver nitrate solution (10-
4mol·L-1) was injected into the reactor followed by magnetic
stirring for 5min to homogenize the solution. This step was
repeated according to the number of performed injections
which led to obtain solutions of increasing concentration.
After each addition, the quartz microbalance displayed the
resonance frequency associated with the new concentration.
The frequency variation after every injection was determined

by the following equation:

Δf = Fi − F0, ð4Þ

where Fi (Hz) is the measured frequency after injection i and
F0 (Hz) is the frequency of the coated crystal in the reactor.

In this manner, we directly apply the Sauerbrey relation
(Equation (2)) to deduce the adsorbed mass (Δm). It should
be noted that the mass variation Δm is also noted Qm
(μg/cm2) which represents the adsorbed quantity. We can
finally deduce the complexed quantity per unit of surface
area for each concentration.

The equilibrium adsorption isotherms of silver nitrate
onto the two supports of the hexahelicene and the heptaheli-
cene are represented at 283-298K in Figure 3.

2.3. Discussion of Experimental Results. Based on the experi-
mental isotherm profiles, we note the following results.

Firstly, the experimental adsorption isotherms indicated
that the silver particles are captured by the hexahelicene
and the heptahelicene at various temperatures. Therefore, it
is demonstrated that the two helicenes can function as “sand-
wich” systems of the silver ions.

Secondly, one can see that the behaviors of the isotherm
curves are different for the two helicenes, despite the fact
that all the experimental data were measured under the same
conditions. One can conclude that the isotherm profile
depends on the adsorbent type which constitutes the domi-
nant factor of the complexation phenomenon. Moreover,
by looking at the adsorbed amounts of the two helicenes,
we hold that the heptahelicene presents the highest adsorp-
tion capacities, and consequently, it is the best adsorbent
for silver complexation.

Finally, it is noticed that the experimental isotherms pres-
ent one saturation level indicating that only one layer of the
cationic ions Ag+ is adsorbed onto the two solid supports of
the hexahelicene and the heptahelicene. The nitrate ions are
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Figure 3: Equilibrium adsorption isotherms of silver nitrate onto hexahelicene and heptahelicene given at four temperatures (283-298K).
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not associated with the adsorption system of silver nitrate
and do not participate at the layer formation in keeping with
the previous studies of the adsorption of potassium chloride
onto comparative adsorbent [28]. However, the distinction
between the isotherms of the two helicenes altogether
appeared at saturation. At high adsorbate concentration, we
can see a stable saturation state for the heptahelicene which
means that all the receptor sites are occupied and that the
AgNO3-heptahelicene interaction is strong so cutting this
link is almost impossible. For hexahelicene adsorption, one
saturation level followed with a drop is observed at the four
temperatures which suggests the presence of an opposite
phenomenon (desorption process) after the saturation state.
This can be explained by the fact that the AgNO3-hexaheli-
cene bond is weak so the silver ions can escape from the
crocodile jaws (the hexahelicene cavity) at any time which
leads to the decrease of the adsorbed quantity at high
concentration. According to these explanations, one can
conclude that the heptahelicene is the suitable adsorbent
for silver complexation.

In the next section, statistical physics treatment is pro-
posed for modeling analysis of the adsorption isotherms
[36, 37]. The goal is to elaborate a theoretical description of
these experimental results at the ionic scale.

3. Statistical Physics Modeling

In the experimental part, it is noted that the microscopic
investigation of the complexation reactions needs the appli-
cation of two statistical physics models: single-layer model
with stable saturation level for the heptahelicene adsorption
and single-layer model with unstable saturation state for
the hexahelicene adsorption. The modeling work is then
arranged as follows. Firstly, we review the methodology of
statistical physics formalism beginning from the grand
canonical ensemble to the final adsorbed quantity expression.
Secondly, the statistical physics model which will be applied
for the interpretation of the adsorption isotherms is selected
through numerical simulation. Finally, based on fitting the
experimental isotherms with the adsorption models, the
complexation process is evaluated and interpreted by the
intermediate of the parameters of the selected model.

3.1. Advanced Adsorption Models. Overall, from the statisti-
cal physics models, the physical parameter values deduced
from numerical simulation are used to investigate the
adsorption process at the ionic scale if the adsorbate and
the adsorbent properties are well known. The first progress
of this advanced treatment is observed against the oldest
empirical equation elaborated by Langmuir et al. [38]. Lang-
muir assumed that an adsorbent site can integrate only one
particle; however, our statistical physics models proposed
that one receptor site can suit n particles where n is a variable
number. In addition, our statistical physics models suggested
the presence of various adsorption energies that are related to
various receptor sites, contrary to the empirical models
(Langmuir and Freundlich) [38, 39] which accept the pres-
ence of one adsorption energy level for all adsorbent sites.

In the present examination, the helicene adsorption iso-
therms can be interpreted by a single-layer model that
describes two types of sites. The choice of this model among
the others is not arbitrary but based on physical reasons. In
reality, the analytical development of this model requires to
take account of the two spatial conformations (M and P) of
the two members of the helicene family (the hexahelicene
and the heptahelicene) [40]. In this manner, the adsorbent
sites can be divided into two types of receptors whose densi-
ties are Hm1 and Hm2. So, it is suggested that the adsorption
of silver onto Hm1 occurs with an energy level (−E1) while
the adsorption onto Hm2 takes place via the energy (−E2).

According to the statistical physics methodology, the first
step of the analytical development is the partition function of
the grand canonical ensemble of Gibbs (zgc) which has the
following expression [15]:

z1gc = 1 + eβ E1+μ1ð Þ,

z2gc = 1 + eβ E2+μ2ð Þ,
ð5Þ

where z1gc is the partition function of one receptor site of the
first type of sites Hm1, z2gc is the partition function of one
receptor site of the second type of sites Hm2, and β = 1/kBT
is the Boltzmann factor with T being the temperature (K)
and kB being the Boltzmann coefficient (1:3806488 × 10−23
JK−1). μ1 (kJ/mol) and μ2 (kJ/mol) are the chemical poten-
tials of the adsorbed particle on the two types of sites.

The second step of the models’ development involves the
determination of the average occupancy numbers (N01 and
N02) of independent helicene sites using the following equa-
tions [37, 41]:

N01 =
Hm1

1 + e−β E1+μ1ð Þ ,

N02 =
Hm2

1 + e−β E2+μ2ð Þ :
ð6Þ

Overall, the isotherms’ curves of heptahelicene show a
stable saturation level without dropping at high concentra-
tion. In this case, we apply the chemical potential coupled
to the ideal gas approach. In the presence of this mean poten-
tial, we can consider that one individual particle has no inter-
action with the rest of the system like an ideal fermion gas of
electrons. It can be written as follows [36, 41]:

μp =
1
β
ln

N
zTr

� �
, ð7Þ

with N being the number of adsorbates and zTr being the
translation partition function which can be written as [16]

zTr =V
2πmkBT

h2

� �3/2
, ð8Þ

where m is the mass of an adsorbed particle, V is the volume
of an individual adsorbate, and h is the constant of Planck
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(6:62606957 × 10−34 J · s). Note that the investigated silver
ion in this paper is monoatomic. So there are no vibrational
and no rotational degrees of freedoms for a monoatomic
ion. Electronic and obviously nuclear degrees of freedom
are frozen. The only degree of freedom which can be excited
is the translational one [15, 16].

On the other hand, the hexahelicene isotherms show a
downward trend at the four temperatures (unstable satura-
tion state). For each temperature, despite the increase of the
adsorbate concentration, the adsorbed quantity decreases.
According to previous works, the reversible phenomenon at
the saturation state is basically due to the lateral interactions
between the adsorbates which are described by the cohesion
pressure a and the covolume b [15, 37].

At high silver nitrate concentration, the adsorbate-
adsorbate interaction (lateral interaction) is higher than the
adsorbate-adsorbent interaction which means that the adsor-
bate particles are more attractive with the solution than with
the helicene surface leading to a decline of the adsorbed
quantity. Indeed, the problem of lateral interaction between
adsorbate molecules/ions either at the free state or at the
adsorbed state is very complex to be easily quantified. How-
ever, to take account of this interaction, an indirect method
is applied to quantify this effect by using the adequate statis-
tical ensemble which is the grand canonical ensemble, favor-
able ensemble to calculate such interactions. In this manner,
in order to describe the high concentration adsorption equi-
librium, the statistical physics modeling should be performed
by applying the chemical potential corresponding to the real
gas μr (kJ/mol) in which the Van der Waals variables are
introduced [15, 16].

μr = μp +
1
β
ln

1
1 − bc

+
1
β

bc
1 − bc

− 2ac, ð9Þ

where μp (kJ/mol) is expressed by Equation (7), c is the
adsorbate concentration (mol·L-1), a is the cohesion pressure
(J·mL·mol-1), and b is the covolume (mL·mol-1).

Finally, the analytical expression of the adsorbed quantity
Qm (μg/cm2) can be calculated as follows [41]:

Qm = n1 ⋅N01 + n2 ⋅N02, ð10Þ

where n1 is the number of silver per site M and n2 is the num-
ber of silver per site P.

For heptahelicene adsorption, the single-layer model
(ideal gas approach) is expressed as

QSMPG =
QS1

1 + c1/cð Þn1 +
QS2

1 + c2/cð Þn2 , ð11Þ

where QS1 = n1 ∗Hm1 (μg/cm2) and QS2 = n2 ∗Hm2
(μg/cm2) are the adsorbed amounts at saturation of the two
types of sites M and P. c1 (mol·L-1) and c2 (mol·L-1) are
energetic parameters given by

c1 = cse
−ΔE1/RT ,

c2 = cse
−ΔE2/RT ,

ð12Þ

where cs is the solubility of adsorbate in aqueous solution
(mol·L-1), −ΔE1 is the molar adsorption energy of the first
type of sites (kJ/mol), −ΔE2 is the molar adsorption energy
of the second type of sites (kJ/mol), R is the ideal gas constant
(8.3144621 J·mol-1·K-1), and T is the adsorption temperature
(K).

For hexahelicene adsorption, the single-layer model (real
gas approach) is given as follows:

QSMRG =
QS1

1 + w1 1 − bcð Þ/cð Þe2βace−bc/ 1−bcð Þ� �n1
+

QS2

1 + w2 1 − bcð Þ/cð Þe2βace−bc/ 1−bcð Þ� �n2 :
ð13Þ

This advanced model presents six physicochemical
parameters: two adsorbed quantities at saturation QS1
(μg/cm2) and QS2 (μg/cm2), two parameters describing the
lateral interactions a (J·mL·mol-1) and b (mL·mol-1), and
two parameters involving energetic aspect w1 (mol·L-1) and
w2 (mol·L-1) which are expressed as

w1 = cse
−ΔE1/RT ,

w2 = cse
−ΔE2/RT :

ð14Þ

All variables are previously declared.

3.2. Numerical Adjustment. Numerical fitting program is
used to evaluate the coherence between the adsorption iso-
therms and the two advanced models. The mathematical fit-
ting method is based on the Levenberg-Marquardt iterating
algorithm using a multivariable nonlinear regression pro-
gram. The best fitting result is established once the residuals
between the experimental and the theoretical values by the
model are minimized according to a determined level of con-
fidence [42]. In our case, the level of confidence was set at
95%. Remember that three error coefficients are deduced
from the numerical simulation of the experimental isotherms
with the developed models [43].

The first fitting criterion is the well-known multiple cor-
relation coefficients squared, R2, also known as the coefficient
of determination which is a standardized measure of the
goodness of fit [42, 43]. A very common procedure for choos-
ing among alternative models is to select the one that fits the
best, that is, the one that has the highest coefficient of deter-
mination R2. The ideal fitting is obtained when the value of
R2 is close to the unit.

The second coefficient is the residual root mean square
error (RMSE) also called the estimated standard error of
the regression which is a nonstandardized measure of the
goodness of fit [43, 44]. The value of root mean square error
(RMSE) shows that the fitting ability of the modeling related
to the number of data points is minimal for the best model. If
the model is correct and the parameter estimates unbiased,
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then approximately 95% of the estimated values should fall
within ±1 RMSE of their true values.

The third error coefficient is the Akaike Information Cri-
terion (AIC) which is a fitting criterion of comparison of the
adjustment with the two models: the model with the lowest
AIC values is the most appropriate for the theoretical
description of the experimental isotherms [45].

The two single-layer models (SMPG and SMRG) were
applied on the adsorption isotherms, and the values of the
error coefficients of the adjustment (R2, RMSE, and AIC)
are listed in Table 1.

According to Table 1, a good correlation of the SMPG
model is obtained with the experimental data of heptaheli-
cene since we found that R2 ≈ 1, RMSE < 1, and AIC are
the lowest values. However, in light of the selection criteria,
the SMRG model is chosen for the theoretical description
of the hexahelicene isotherms (R2 ranging from 0.97 to 0.99
and RMSE and AIC are the smallest quantities) which pro-
motes to confirm that the decline of the adsorbed amount
after the saturation is fundamentally due to the lateral inter-
action impacts. This numerical outcome is in correlation
with the experimental result: the heptahelicene is confirmed
to be the best complexing adsorbent of silver ions in terms
of stability.

The usefulness of the advanced models is that their
parameters are in good relation with the complexation pro-
cesses. Hence, a deeper description of the two complexation
systems is elaborated in the next stage using the numerical
values of the models’ parameters.

3.3. Physicochemical Interpretation. Figure 4 illustrates the
evolutions of the fitting values of the physicochemical
parameters as a function of temperature.

3.3.1. Steric Parameters. In Figure 4(a), the fitting values of
the adsorbed amounts at saturation are plotted as a function
of temperature for the two complexation systems Ag-[6]heli-
cene and Ag-[7]helicene.

From Figure 4(a), we note that QS1 ð½7�heliceneÞ >QS1
ð½6�heliceneÞ andQS2ð½7�heliceneÞ >QS2 ð½6�heliceneÞ. There-
fore, it is concluded that the heptahelicene is more suitable
for silver complexation in terms of quantity. It is also noticed
that the adsorbed amounts at saturationQS1 andQS2 increase
by expanding the temperature for the two complexing heli-
cenes. The increment of these two parameters can result from
the thermal agitation impact which activates more helicene
sites to contribute to the complexation mechanisms. We con-
clude that the temperature enhances the complexation of sil-
ver ions and that the silver adsorption is an endothermic
phenomenon regardless of the complexing adsorbent [45].

3.3.2. Van der Waals Parameter Behaviors. The Van der
Waals parameters a and b are introduced in the SMRGmodel
in order to ameliorate the physical description of the com-
plexation process of the hexahelicene at high concentration
[22, 46]. The behaviors of these parameters via the tempera-
ture are illustrated in Figure 4(b).

It can be noted from Figure 4(b) that the parameter a
decreases with rising of the temperature which means that
this parameter acts powerfully at low temperatures, i.e., the
interaction between the adsorbates is low at high temper-
ature. On the contrary, it is noted that the rise of the tem-
perature causes a growth of the covolume b which means
that the repulsion between the adsorbate ions becomes
strong at high temperature. Therefore, it is concluded that
the silver ions are quickly captured by the adsorbing sur-
face of hexahelicene at high temperature which explains

Table 1: Values of the Correlation coefficient R2, the Residual root mean square error coefficient RMSE and the Akaike information criterion
AIC deduced from fitting the experimental adsorption isotherms of silver nitrate on helicenes with the two single-layer adsorption models
(SMPG and SMRG).

Adsorption system/fitting model Temperature(K) Correlation coefficient R2 Residual root mean
square error RMSE

Akaike information
criterion AIC

AgNO3-[7]helicene/ SMPG

283K 0.99 0.031 7.2

288K 0.98 0.03 6.3

293K 0.99 0.044 5.4

298K 0.98 0.036 3.3

AgNO3-[7]helicene/ SMRG

283K 0.95 1.9 13.2

288K 0.94 2.2 13.9

293K 0.95 1.91 12.2

298K 0.91 2.4 12.5

AgNO3-[6]helicene/ SMPG

283K 0.88 3.1 15.8

288K 0.85 3.5 15.9

293K 0.85 3.3 14.9

298K 0.86 2.9 14.2

AgNO3-[6]helicene/ SMRG

283K 0.99 0.61 9.9

288K 0.99 0.94 9.2

293K 0.97 0.83 8.4

298K 0.99 0.81 9.1
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the high performance of silver adsorption at high temper-
ature and demonstrates the endothermic nature of the
complexation process [46]. This suggests that the complex-
ation of the hexahelicene by the silver ions can be carried
out without disruptive influences if we increase further the
adsorption temperature.

3.3.3. Energetic Calculation. The adsorption processes are
necessarily evaluated on the basis of the models’ parameters.
In particular, the selection of the best adsorption system is
dependent on the nature of the interaction between the silver
and the two helicenes [15, 22]. Indeed, the description and
identification of the interaction type is carried out through

adsorption energy calculation. The adjusted values of the
energetic parameters c1 and c2 of the SMPG model (heptahe-
licene adsorption) and w1 and w2 of the SMRG model (hex-
ahelicene adsorption) deduced from the fitting of the
experimental isotherms with the two models are used to
calculate the molar adsorption energies (−ΔE1 and −ΔE2)
of the two complexation systems.

For silver-heptahelicene,

−ΔE1,2 = RT ∗ ln
c1,2

cs AgNO3ð Þ
� �

: ð15Þ
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Figure 4: Evolutions of the (a) steric parameters QS1 (μg·cm
-2) and QS2 (μg·cm

-2), (b) the Van der Waals variables a (10-19·J·mL·mol-1) and b
(10-10·mL·mol−1), and (c) the molar adsorption energies (−ΔE1 (kJ/mol) and −ΔE2) (kJ/mol) as a function of temperature.
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For silver-hexahelicene,

−ΔE1,2 = RT ∗ ln
w1,2

cs AgNO3ð Þ
� �

, ð16Þ

where csðAgNO3Þ is the silver nitrate solubility (mol·L-1).
The values of the molar adsorption energies are given in

Table 2.
According to Table 2, it can be noted that ∣ð−ΔE1Þ ∣ ð½7�

heliceneÞ > ∣ð−ΔE1Þ∣ ð½6�heliceneÞ and ∣ð−ΔE2Þ ∣ ð½7�heliceneÞ
> ∣ð−ΔE2Þ∣ ð½6�heliceneÞ. In fact, the silver-heptahelicene
interaction is stronger than the silver-hexahelicene interac-
tion for the two types of sites (M and P) at the four tem-
peratures. This result indicates that the affinity of the
receptor sites of the heptahelicene surface to the silver ions
is more important compared to the hexahelicene sites and
confirms that the heptahelicene is the best complexing
adsorbent of silver.

Moreover, the adsorption energies of hexahelicene are
less than 40 kJ/mol indicating physical adsorption process
[47–50]. This type of adsorption is weakly energetic, and
there is no redistribution of the electron density either of
the adsorbed particle or of the adsorbent surface; the
adsorbed particles retain their individual properties. Physi-
cal adsorption (physisorption) is generally a reversible phe-
nomenon so the interaction adsorbate-adsorbent is weak
and the presence of an opposite phenomenon (desorption
process) is possible. Indeed, the type of the interaction can
be classified, to a certain extent, by the magnitude of the
change in adsorption energy [46, 49]. The values of the
adsorption energies of hexahelicene can be classified into
electrostatic bindings [15, 48].

On the other hand, all the energies of heptahelicene are
superior to 80 kJ/mol for all the temperatures. Therefore,
we conclude that the complexation of heptahelicene by the
cationic silver is a chemical adsorption process involving
ionic or covalent bonds [40, 50]. Chemical adsorption pro-
cess (chemisorption) is generally an irreversible phenome-
non and accompanies with the presence of a strong bond
between the adsorbate and the adsorbent (the formation of
double liaison is possible). During chemisorption, new chem-
ical bonds are formed between the adsorbent surface and the
adsorbed particles. In the case of chemisorption, where the

adsorbed particles undergo a change in structure and a rear-
rangement of the electron density between the adsorbed par-
ticle and the adsorbent surface, the chemical adsorption is a
dissociative process. Therefore, a desorption process is
almost impossible due to the strong interaction adsorbate-
adsorbent [40].

The variations of the adsorption energies via the temper-
ature are illustrated in Figure 4(c).

It is noted that the adsorption energies (in modulus)
∣ð−ΔE1Þ ∣ and ∣ð−ΔE2Þ ∣ increase with the rise of the tem-
perature. This is explained by the endothermic character
of the two adsorption mechanisms [36].

The next section is devoted to the thermodynamic
evaluation which leads to better interpret the macroscopic
behavior of the adsorption processes.

4. Thermodynamic Study

The statistical physics treatment is used for the development
of three potential thermodynamic functions which are the
configurational entropy, the Gibbs free enthalpy, and the
internal energy [37, 51, 52].

4.1. Configurational Entropy. The importance of this thermo-
dynamic function is to give useful information describing the
behavior of the adsorbate ions at the adsorbent surface. In
our case, we only focus on the configurational aspect of the
entropy which describes the disorder during the adsorption
process [53, 54]. Using the grand canonical partition func-
tion related to the fitting model, the grand potential J can
be written as follows [54]:

J = −kBT ln zgc = −
∂ ln zgc
∂β

− TSa: ð17Þ

The entropy expression Sa/kB (J·K-1) can be deduced
from this equation [46, 54]:

Sa
kB

= −β
∂ ln zgc

� �
∂β

+ ln zgc
� �

: ð18Þ

Then, the configurational entropy has the following
expression.

Table 2: Modulus values of the molar adsorption energies |-ΔE1| (kJ/mol) and|-ΔE2| (kJ/mol) describing the complexation of the two
helicenes by the silver ions given at 283K, 288K, 293K and 298K.

Adsorption system Temperature (K) |-ΔE1|(kJ/mol) |-ΔE2|(kJ/mol)

AgNO3-[7]helicene

283K 88.1 86.9

288K 91.6 88.1

293K 94.4 88.6

298K 98.5 93.5

AgNO3-[6]helicene

283K 32.5 29.5

288K 36.6 34.4

293K 39.5 37.5

298K 42.2 40.3
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Figure 5: Evolutions of (a, b) the configurational entropy Sa/kB (J·K
-1), (c, d) the Gibbs free enthalpy G/kBT (kJ·mol-1), and (e, f) the internal

energy Eint/kBT (kJ·mol-1) as a function of equilibrium concentration and temperature.
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For the adsorption system silver nitrate-heptahelicene
(SMPG model),

Sa
kB

= Hm1 ln 1 +
c
c1

� �n1
 !

+Hm2 ln 1 +
c
c2

� �n2
 !" #

−

"
Hm1 c/c1ð Þn1 ln c/c1ð Þn1� �

1 + c/c1ð Þn1
 !

+
Hm2 c/c2ð Þn2 ln c/c2ð Þn2� �

1 + c/c2ð Þn2
 !#

:

ð19Þ

For the adsorption system silver nitrate-hexahelicene
(SMPG model),

Sa
kB

= Hm1 ln 1 + x1ð Þ +Hm2 ln 1 + x2ð Þ½ �

−
Hm1x1 ln x1ð Þ

1 + x1

� �
+

Hm2x2 ln x2ð Þ
1 + x2

� �� �
,

ð20Þ

where x1 and x2 are expressed as follows:

x1 =
c

w1 1 − bcð Þe2βace−bc/ 1−bcð Þ

� �n1
, ð21Þ

x2 =
c

w2 1 − bcð Þe2βace−bc/ 1−bcð Þ

� �n2
: ð22Þ

Figures 5(a) and 5(b) depict the evolutions of the entropy
of the two adsorption systems.

It can be noticed that the entropy does not vary linearly as
a function of concentration. One can see that both entropies
follow two different behaviors below and above the energetic
parameters. At low concentrations, the silver ion has numer-
ous empty sites which lead to various possibilities to choose
one to be adsorbed. Therefore, the disorder is important on
the adsorbent surface. When the concentration is equal to
c1 or c1 (Figure 5(a)) and w1 or w2 (Figure 5(b)), the disorder
reaches its maximum values [46]. After these particular
points, the adsorbate ion has low probability to choose an
adsorbent site since the helicene surface tends towards order
and the two adsorption systems tends towards saturation.

It can be also noted that the two peaks of the two adsorp-
tion systems are nearly equal since the energetic parameters
(c1 and c1 for heptahelicene and w1 and w2 for hexahelicene)
describe the same type of interaction which is between the sil-
ver ions and the two spatial conformations (M and P) of the
two helicenes.

About the effect of the temperature, one can note that for
a fixed concentration, the higher the temperature the greater
the entropy. Indeed, the higher the adsorbed quantities, the
greater the disorder.

4.2. Gibbs Free Enthalpy. It is useful to investigate the change
in the free enthalpy for the adsorption systems. Thus, any
reaction for which the change in the Gibbs free enthalpy is

negative should be favorable or spontaneous. This thermody-
namic function is calculated using the adsorbed quantity
expression of the fitting model as follows [37, 46]:

G = μ ∗Qm: ð23Þ

For the adsorption system silver nitrate-heptahelicene,
we use the chemical potential μp given by Equation (7) and
the expression of the adsorbed quantity QSMPG of the SMPG
model (Equation (11)) to deduce the free enthalpy expression
G/kBT (kJ·mol-1):

G
kBT

= ln
c
zTr

� �
∗

c/c1ð Þn1QS1

1 + c/c1ð Þn1 +
c/c2ð Þn2QS2

1 + c/c2ð Þn2
" #

: ð24Þ

For the adsorption system silver nitrate-hexahelicene, we
use the chemical potential μr given by Equation (9) and the
expression of the adsorbed quantity QSMRG of the SMRG
model (Equation (13)):

G
kBT

= ln
c
zTr

� �
+ ln

1
1 − bc

+
bc

1 − bc
−

2ac
kBT

� �

∗
x1QS1
1 + x1

+
x2QS2
1 + x2

� �
,

ð25Þ

where x1 and x2 are given by Equations (21) and (22).
The evolutions of the Gibbs free enthalpy of the two

adsorption systems are depicted in Figure 5(c) for heptaheli-
cene adsorption and in Figure 5(d) for hexahelicene
adsorption.

For the two helicenes, it is noticed that the adsorption
reaction evolves spontaneously since the free enthalpy is
always negative [45]. At the beginning of the complexation
process, the helicene sites are almost empty which leads to
strong interaction adsorbate-adsorbent. Then, the enthalpy
values decrease with increasing the silver nitrate concentra-
tion until it reaches the equilibrium state.

4.3. Internal Energy. The internal energy concept is an indis-
pensable tool for the understanding of the physicochemical
phenomena such as the case of adsorption process. Using
the statistical physics formalism, the internal energy is given
by [46]

Eint = −
∂ ln zgc

� �
∂β

+
μ

β

∂ ln zgc
� �
∂μ

 !
: ð26Þ

For the adsorption system silver nitrate-heptahelicene
(SMPG model), it can be written in the following expression:
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Eint
kBT

= ln
c
zTr

� �
∗

c/c1ð Þn1Hm1

1 + c/c1ð Þn1
 !

+
c/c2ð Þn2Hm2

1 + c/c2ð Þn2
 !" #

−

"
Hm1 c/c1ð Þn1 ln c/c1ð Þn1� �

1 + c/c1ð Þn1
 !

+
Hm2 c/c2ð Þn2 ln c/c2ð Þn2� �

1 + c/c2ð Þn2
 !#

:

ð27Þ

For the adsorption system silver nitrate-hexahelicene
(SMRG model), it has the following formula:

Eint
kBT

= ln
c
zTr

� �
+ ln

1
1 − bc

+
bc

1 − bc
−

2ac
kBT

� �

∗
x1Hm1
1 + x1

� �
+

x2Hm2
1 + x2

� �� �

−
Hm1x1 ln x1ð Þ

1 + x1

� �
+

Hm2x2 ln x2ð Þ
1 + x2

� �� �
,

ð28Þ

with x1 and x2 previously mentioned (Equations (21) and
(22)).

We depicted the evolutions of the internal energy in
Figure 5(e) (heptahelicene adsorption) and Figure 5(f) (hex-
ahelicene adsorption).

It can be noticed that the internal energy is negative for
the two helicenes. The two adsorption systems tend to
decrease their internal energy, and the two complexation
processes evolve spontaneously until the saturation state
[46]. Interestingly, it can be observed that the complexation
mechanism of heptahelicene evolves towards a stable satu-
ration level (Figure 5(e)). On the contrary, the internal
energy of hexahelicene (Figure 5(f)) is not constant at high
concentrations, but it increases in algebraic value (decreases
in modulus). Indeed, the silver-hexahelicene interaction is
important at the beginning of the adsorption process. Then,
this value decreases; it is possibly due to the adsorbate-
adsorbate interaction (lateral interactions) which becomes
strong at high concentration to prevent the adsorption pro-
cess [37].

5. Conclusion

The adsorption of silver onto helicene molecules is studied by
the grand canonical ensemble in statistical physics, to find
new microscopic interpretations. The adsorption measure-
ments are successfully carried out using a quartz crystal
microbalance. Through the experimental result discussion,
it is discovered that the heptahelicene is the best complexing
adsorbent of silver because it shows the highest adsorption
capacities. Two single-layer adsorption models with two
energy levels (SMPG and SMRG) are developed and applied
for these systems. It is found that the proposed statistical
treatment is sufficiently flexible to give a good representation
of the experimental data. Some physicochemical parameters
related to the adsorption processes are introduced in the ana-
lytical model expressions, and they are directly obtained from

the fitting of the experimental adsorption isotherms by
numerical simulation. This is in the aim to explain the behav-
ior of silver ion versus helicene molecules. The evolutions of
the adsorbed quantities at saturation versus temperature
demonstrate the endothermicity of the adsorption process
of the two members of the helicene family. The energetic
interpretation shows that the silver ions are physisorbed onto
hexahelicene, whereas chemical bonds are explored between
the [7]helicene and the silver.

The SMPG model and the SMRG model are also applied
to calculate three thermodynamic functions which govern
the adsorption mechanisms. Through the entropy behavior,
we notice that the disorder reaches two maximums when
the adsorbate concentration is equal to the energetic param-
eters where the adsorption process reactivity is at its maxi-
mum. It is also noted that the Gibbs free enthalpy and the
internal energy are negative which proved that during the
complexation process the two adsorption systems evolve
spontaneously towards the saturation level. It is also found
that the lateral interactions between the adsorbates act inten-
sively at high concentration to forestall the hexahelicene
adsorption.
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