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The paper deals with the insights on the thermal decomposition of a viologen included in a [2]rotaxane
structure alongside (-cyclodextrin. Thermal stability studies were conducted by dynamic thermo-
gravimetry in inert atmosphere. Complexation phenomena occurence led to an increase in inclusion
complex thermal stability. Simultaneous TGA-DTA analysis indicated lower intensity of the complexed
guest molecule melting profile. Kinetics of the thermal decomposition process was conducted by apply-
ing the isoconversional methods of Friedman and Flynn-Wall-Ozawa. Global kinetic parameters values

{;iegl‘:‘)/gzlf: exhibited an increase with the conversion degree, indicating a complex thermal degradation process. The
Rotaxane form of the kinetic model which best described the thermal decomposition process and the kinetic param-

eters values corresponding to each degradation stage were determined with a multivariate non-linear
regression method. A two dimensional diffusion (D2) kinetic model best fitted the thermogravimetric
data. A correlation between kinetic data and structural changes during thermal decomposition was estab-
lished. The evolved gas analysis was conducted on a coupling of simultaneous thermal analysis device
to a quadrupole mass spectrometer and a Fourier transform infrared spectrophotometer. The complex
gaseous mixture evolved during thermal decomposition of the structure was comprised of: water, carbon
monoxide, carbon dioxide, hydrogen cyanide, methanol and ethanol, acetic acid, hydrogen bromide and
amine and furan derivatives.

Thermal decomposition kinetics
Evolved gas analysis

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

One main feature of 4,4-bipyridine resides in its property to
form diquaternary salts regarded to as viologens. Their name was
attributed on the basis of their color changing when exposed to a
series of physical factors (e.g. light). The scientific interest of such
salts grew due to some specific applications including electron
carriers, pro-oxidants for oxidative stress testing, cardiovascular
agents, herbicides, neuromuscular and hypotensive agents, molec-
ular wires in electronic devices, electrochromic display devices
[1,2]. Viologens also exhibit antibacterial efficiency against some
microorganism species [3], such as Escherichia coli, due to their
DNA strand scission ability [4]. Michaelis first exploited viologens’
electrochemical properties in 1933 [5]. Due to their low redox
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potential and the toxic effect on mammals [6], viologens aroused
suspicions regarding their toxicity on the human organism and
thus many works were reported on evaluating their action, for
example those undertaken for methyl viologen (Paraquat) herbi-
cide [7,8]. In a work by Hatcher and co-authors [9] there is even
reported an increase in Parkinson’s disease because of some vio-
logen herbicides. After ingestion, 4,4'-bipyridyl viologens (Bpy2*)
undergo an enzymatic reduction mechanism during which there is
generated aradical cation (Bpy**). This cation, in the presence of O,
and/or H,0,, further produces extremely reactive radicals, such as
HO-*. This leads to the oxidation of biochemical important entities,
such as lipid membranes, proteins and nucleic acids [2,10]. In this
sense, current research in the domain is focused on the reduction
of viologens toxicity and thus to exploit their redox potential for
pharmacological interest. One such method, already published by
our group, consists in incorporating viologens, through different
procedures, in 3-cyclodextrin (3CD), forming host-guest inclusion
complexes [2].
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Scheme 1. Structures of the studied compounds.

Cyclodextrins are a class of oligosaccharides comprised of
macrocycles of six (aCD), seven (3CD) and eight (yCD) glucopyra-
nose units bonded through a-1,4-glycosidic linkages. Cyclodextrins
possess the capacity to form inclusion complexes with different
guest molecules by introducing them into their hydrophobic cav-
ities. Through complexation, the physical, chemical and biological
properties of the guest molecules are modified, representing very
efficient drug carriers in controlled drug release. Cyclodextrins
may, also, form inclusion complexes with rotaxane and/or pseu-
dorotaxane structures [2,11].

Due to their unique features, such as low toxicity, oxida-
tive stability, antiadhesive properties, physiological inertness,
etc.,, polymethyldisiloxanes are used in a wide variety of
biomedical applications (i.e. drug-delivery systems, production of
artificial skin, transdermal therapeutic systems, contact lenses,
etc.) [12]. Short chain siloxane end-unit entities (e.g. 1,1,3,3,3-
pentamethyldisiloxane, PMDS) possess antislipping effects relative
to BCD macrocycle and enhance inclusion complex biostability by
decreasing its decomposition rate in the body [2,13].

Since authors recently reported the obtaining of a supramolec-
ular architecture based on a viologen included in a [2]rotaxane
structure alongside [3CD [2], no other previous attempt to study
its thermal decomposition behavior and evolved gas analysis has
been undertaken. This study is interesting from both theoretical
point of view, for gaining new knowledge on the thermal behav-
ior of such supramolecular architectures, and from a potentially
practical point of view, since the establishment of an accurate ther-
mal decomposition mechanism may play an important role in the
industrial processing of the future drug.

Recent studies on isoconversional kinetic methods applied
in the thermal decomposition of supramolecular cyclodextrin
based inclusion complexes were also described in the literature
[14,15]. However, to our knowledge, none such studies were
reported to this point on rotaxane and cyclodextrin supramolecular
architectures. The closest kinetic approach to our study was under-
taken by Zhang et al. [16] which studied dissociation kinetics of

BCD-ethyl benzoate under isothermal and non-isothermal con-
ditions and also found a thermal decomposition mechanism best
described by diffusion models.

2. Materials and methods
2.1. Synthesis

The synthesis, structural characterization and toxicological
assessment of a [-cyclodextrin-caged 4,4’-bipyridinium-
bis(siloxane) inclusion complex ([2]{[1][(1,1-di(propyl-3-pen-
tamethyldisiloxane)-4,4’-bipyridinium]-rotaxa-[ 3-cyclodextrin]}
according to IUPAC nomenclature), as a potential pharmaceutical
candidate, were described in a previous paper. According to the
authors, the synthesis pathway was comprised of two stages: (i)
formation of the inclusion complex of BCD and 4,4'-bipyridine
(BPy), through coprecipitation, and (ii) quaternization of nitrogen
atoms of caged 4,4'-bipyridine, via the bromide atom of the
presynthesized 1-(3-bromopropyl)-pentamethyldisiloxane [2].
The studied structure is depicted in Scheme 1.

2.2. Measurements

The thermal decomposition and evolved gas analysis were per-
formed on a TGA-FTIR-MS system, equipped with a device of
simultaneous TGA/DTA analysis STA 449F1 Jupiter model (Net-
zsch, Germany), FTIR spectrophotometer Vertex-70 model (Bruker,
Germany) and a mass spectrometer QMS 403C Aéolos model (Net-
zsch, Germany). The TG/DTA thermobalance was coupled online
with FTIR spectrophotometer and mass spectrometer through two
heated transfer lines. 10 mg of each sample was heated from 30
to 700 °C under nitrogen flow (flow rate 50 mLmin~'), in an open
Al,03 crucible and Al,03 as reference material was used. Heat-
ing rates of 10, 20, 30 and 40°Cmin~! were applied. The transfer
line to FTIR spectrophotometer was made of polytetrafluorethy-
lene, had an interior diameter of 1.5 mm and was heated at 290°C.
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Fig. 1. TGA and DTG curves of the studied structures.

The spectra were acquired with a spectral resolution of 4cm~! on
400-4000 cm~! range. The transfer line to MS spectrometer QMS
403C is made of a quartz capillary with an internal diameter of
75 pm and was heated at 290 °C. The mass spectra were recorded
under electron ionization energy of 70 eV. Data were scanned in the
range m/z=1-300, the measuring time for each cycle was 150 s. The
NIST Mass Spectral Database was used for the identification of ion
fragments (m/z) in MS spectra. The kinetic analysis of thermogravi-
metric data was performed using the soft Netzsch Thermokinetic
3.

3. Results and discussion
3.1. Complexation phenomena occurrence via thermal behavior

3.1.1. Complexation demonstrated via thermal decomposition
behavior

Inclusion complex formation occurs through establishment of
hydrogen bonding between interior hydrogen atoms of the host
molecule cavity (i.e. BCD) and the guest molecule (i.e. Bpy).
In the 'H NMR spectrum complexation phenomenon is usually
evidenced by upfield shifting of the proton signals from third
and fifth positions in the host molecule (Scheme 1) [17]. Com-
plexation led to a significant decrease of the siloxane endcapped
bipyridinium salt toxicity [2]. Thermal characterization methods,
such as thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) or differential thermal analysis (DTA), are
useful tools in establishing host-guest solid state interactions,
which are identified by differentiating between pure substances

and inclusion compounds from phase transformations occurring
during heating [18]. Inclusion complex formation is generally
evidenced by differences in the thermal decomposition pattern
of pure guest and complexed guest molecule. Complexation is
indicated by an increase in the thermal stability of the com-
plexed guest as compared to that of the uncomplexed components.
Also, the melting profile of the guest molecule in the inclu-
sion complex gradually lowers in its intensity [19]. Fig. 1 shows
the TGA thermograms and their corresponding first derivative
(DTG) curves of pure 4,4'-bipyridine (Bpy) and [-cyclodextrin
(BCD), complexed Bpy (Bpy-[3CD), complexed siloxane endcapped
Bpy (Br_P5_Bpy_3CD—Scheme 1) and the physical mixture of
BCD with uncomplexed rotaxane (Br-P5.Bpy PMDS), noted as
PM _Br_P5_Bpy_PMDS_BCD. The ratio of components in the physi-
cal mixture was the same as the one used in the reported synthesis
of the complex Br_P5_Bpy_(3CD [2]. Fig. 2 shows the DTA thermo-
grams of the studied structures, recorded simultaneously with the
TGA ones. The extracted thermogravimetric data from Fig. 1 is given
inTable 1. The temperature corresponding to 5% mass loss (Tsy ) was
chosen as criterion for evaluating thermal stability of the studied
structures.

As one may observe from Fig. 1 and Table 1, pure Bpy starts
gradually decomposing around 190°Cin a single stage, with a mass
loss of 95% and a residue value of 4.33%. Fig. 2 shows that thermal
decomposition of Bpy is accompanied by a wide endothermic pro-
cess, in the range 192-315°C, with a peak value at 273°C and an
enthalpy value of 332]g~1. This aspect is due to overlapping of
boiling (point around 305°C) and thermal decomposition pro-
cesses, being in good agreement with literature data [1,20]. After

Table 1
Thermal decomposition parameters extracted from thermogravimetric data.
Sample code Stage  Tsz (°C)  Tmax1 (°C)  m1 (%)  Timaxa (°C) M2 (%) Tmaxz (°C)  m3 (%) Tmaxa (%)  Ma (%) Tenaser (°C) W (%)
Bpy I 190 267 95 - - - - - - 278 433
Bpy-BCD I 215 218 12 - - - - - - -
Il - - - 331 66 - - - - 455 19
Br.P5_Bpy_BCD I 295 308 65 - - - - - - 350 27
BCD I 95 104 12 - - - - - - -
11 - - - 331 67 - - - - 455 19
PM_Br_P5_Bpy_PMDS_3CD I 135 89 5 - - - - - - -
1l - - - 257 30 - - - - -
il - - - - - 345 17 - - -
1\% - - - - - - - 509 20 577 28

Tsy—temperature corresponding to 5% structural mass loss characterizing the first thermal decomposition stage; Tmax1, Tmaxz —temperatures corresponding to the maximum
thermal decomposition rates (DTG curve peaks) for the first and second stage; Tendset—thermal decomposition temperature after which no significant mass changes occur;
my, My, ms3, my—mass loss values corresponding to each thermal decomposition stage; W—residue mass remained at the end of thermal decomposition (700°C).
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Fig. 2. DTA curves of the studied structures.

inclusion in the BCD cavity the thermal stability of Bpy molecule
increases, from 190°Cto 215°C[19]. This aspect is further reflected
by a significant increase in residual mass of Bpy-3CD (19%) com-
pared to that of pure Bpy (4.33%). Another sign of inclusion complex
formation consists in the significantly lower mass loss of the com-
plexed guest molecule in Bpy-BCD (12%) compared to that of
pure Bpy (95%) [1,20]. The host molecule cavity protects the guest
molecule. The 66% mass loss in the second stage of Bpy-[3CD
decomposition is attributed to 3CD thermal degradation, at around
310°C [19], together with the entrapped remaining complexed
drug. According to the literature, 3CD thermal decomposition pro-
cess is initiated by opening of the cyclodextrin rings, afterwards
following a degradation pattern similar to that of cellulose by loss
of the glucosidic structure and hydroxyl groups with formation of
unsaturated moieties, such as carbonyl groups and aromatic struc-
tures [21]. The TGA thermogram of pure BCD indicates a 12% mass
loss in the first stage, corresponding to removal of crystallized
water molecules from its cavity (Fig. 1 and Table 1). The thermo-
gram of the Bpy—[3CD complex shows no water loss in the same
temperature range, this also being an indication of inclusion com-
plex formation, the guest molecule replacing the crystallized water
moleculesin the BCD cavity during synthesis. Furthermore, the DTA
thermograms in Fig. 2 clearly show that, in the case of Bpy-[3CD
inclusion complex, the wide endothermic process corresponding to
pure Bpy degradation is significantly reduced in intensity (25] g~!
compared to332] g~ ')and seemingly shifted toward amuch higher
temperature domain (321 °C), its profile almost coinciding with
that of pure BCD (321°C, 20Jg~1). The sole exception resides in
the enthalpy values differences and the two peaked endothermic
profile specific to Bpy-BCD (321°C and 335°C) due to simulta-
neous volatilization of complexed Bpy at a higher temperature
domain. After endcapping Bpy-BCD with the siloxane entities,
a seemingly higher thermal stability may be observed for the
final product (Br_P5_Bpy_3CD) (Tsy4 =295°C) compared to that of
pure Bpy (Ts4=190°C) and Bpy-3CD (Tsy%=215°C) with a lower
total mass loss (65%) and higher residue mass (27%) (Table 1).
The thermal decomposition process of sample Br_P5_Bpy_(3CD may
overlap with that of the alkyl siloxane blockers within its structure,
which occurs below 300°C [22]. This may contribute to slightly
accelerating the thermal degradation of 3CD from Br_P5_Bpy_[3CD
(Ts%=295°C) compared to pure 3CD (310°C) (Fig. 1 and Table 1).
By analyzing Fig. 1 and Table 1, one may observe significant
differences between the thermograms of the physical mixture
PM_Br_P5 Bpy PMDS_CD and of the complex Br_P5_Bpy_3CD.
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Fig. 3. Weight loss at different heating rates for sample Br_P5_Bpy_3CD.

The thermogram of PM_Br_P5_Bpy PMDS_3CD characterizes a
multicomponent system which thermally decomposes in four
stages, corresponding to: water loss (Tmax1 =89°C), Bpy degra-
dation (Tpax2=257°C) and overlapping of BCD and Br-PMDS
(siloxane compound) decomposition processes (Tnax3 =345 °C and
Traxa =509°C).

On the other hand, the complex Br_P5_Bpy_(3CD behaves as a
single system, thermally decomposing in one stage and at a superior
temperature compared to the physical mixture (Fig. 1, Table 1).

3.1.2. Complexation via DTA analysis

The DTA curve of the guest compound (Bpy) exhibits a two
peak endothermic profile attributed to thermal history elimination
(84°C) and Bpy melting point (T, =113°C) (Fig. 2). By analyzing
the DTA curve of sample Bpy-[3CD one may observe that the two
endothermic peaks of the guest molecule occur in a single peak
with a smaller intensity and shifted toward lower temperature
domains (110°C). This is an indication of a new solid phase for-
mation [23-25]. Inclusion complex Br_P5_Bpy_3CD also exhibits a
less intense melting profile shifted toward an even lower tempera-
ture domain (T, =95 °C) compared to that of pure Bpy (T, =113 °C),
this being also an indication of inclusion complex formation, as
previously discussed.

3.2. Thermal decomposition kinetics

For kinetic study TGA curves at four different heating rates
(10°Cmin~1, 20°Cmin~!, 30°Cmin~! and 40°Cmin~!) were
recorded for sample Br_P5_Bpy_(3CD as shown in Fig. 3.

Kinetic parameters were evaluated from non-isothermal exper-
iments. The conversion degree («) was calculated using Eq. (1),
where m;, m: and my represent sample mass before degradation,
at a time t, and after complete degradation.

m; —me
Comy—my

(1)

The conversion rate is described by Eq. (2), where t is time
(min), A is the pre-exponential factor (s—1), E is the activation
energy of thermal decomposition (k] mol~1), R is the gas constant
(8.314kJmol-1), T is temperature (K) and fla) is the conversion
function.

do —(E/
5 — Ae (E RT)f(Ol) (2)
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Fig. 4. Plot of log 8 as a function of 1000/T according to Flynn-Wall-Ozawa method (a) and plot of log do/dt as a function of 1000/T according to Friedman (b) method for

sample Br_P5_Bpy_3CD.

If one takes into account the rate of heating, f=dT/dt, a new
equation of the thermal degradation rate is obtained (Eq. (3)).
da

ar = 3¢ @ 3)
Global kinetic parameters were determined by using Friedman
and Flynn-Wall-Ozawa isoconversional methods. These methods
use shifts in thermograms with heating rate increase, due to tem-
perature delay as a function of heating rate [26-31].
The Friedman method [32] uses the differential form of the rate
equation (Eq. (4)):

do E
In —

do

5 =In Bgr = In[Af (@)] - o 4)

The plot of Inda/dt versus 1/T, for a = const extracted from the
thermograms recorded at different heating rates is a straight line.
Activation energy evaluation is undertaken from the slope of the
line.

By integrating Eq. (3) between limits Ty and T, one obtains the
integral function of conversion in Eq. (5), noted G(«).

Tp ap q
_A [ Ernygr— [ 9o
G(a)= ﬂ/e (E/RT)4T = @ (5)
To 0

Tp represents the initial temperature, corresponding toow=0,and T,
corresponds to the temperature of the peak from DTG curve, where
a=op. The integral function of conversion may reveal insights on
the thermal decomposition mechanism [33].

The integral method of Flynn-Wall-Ozawa [34-36] uses the
Doyle approximation [37] of the temperature integral given in Eq.
(5). The relationship between kinetic parameters and heating rate
is given by the following equation:

—5.3305 -1.052—

lnﬂzln(AE)fln G(®) RT

R
In order to determine kinetic parameters values with Eq. (6), it was
considered that the thermal degradation proscess was described by

E (6)

a first order reaction for G(«). For the same value of «, the plot of
In B as a function of 1/T'is a straight line with the slope proportional
with the activation energy.

The non-isothermal data extracted from the TGA curves were
processed with the software Netzsch Thermokinetics 3. Fig. 4 shows
the Flynn-Wall-Ozawa and Friedman plots and Fig. 5 shows the
variation of kinetic parameters with conversion degree. Table 2
presents the values of global kinetic parameters determined by
applying the two kinetic methods at « values ranging between
0.1 and 0.9 for structure Br_P5_Bpy_3CD. The differences between
kinetic parameters values calculated with the two isoconversional
methods were explained in the literature [38,39]. The variation of
the lines in the Friedman plot and of the kinetic parameters in Fig. 5
confirms the occurring of thermal decomposition process in one
main stage [40]. The straight lines from the Flynn-Wall-Ozawa plot
in Fig. 4 do not respect the same parallelism throughout the entire
thermal decomposition process range, meaning that the assump-
tion of a first order reaction model for flor) function is not an
optimum option.

By analyzing Fig. 5 and Table 2 one may observe that the val-
ues of the kinetic parameters increase with the conversion degree,

Table 2
Kinetic parameter values of structure Br_P5_Bpy_BCD calculated with Friedman and
Flynn-Wall-Ozawa methods.

o Kinetic parameters

Flynn-Wall-Ozawa Friedman

logA E (kJmol~1) logA E (kJmol~1)
0.1 115 106 10.2 93
0.2 13 166 12.2 122
0.3 14 215 13.8 171
04 15 265 14.4 220
0.5 15.9 314 15 269
0.6 16.4 364 15.2 318
0.7 17.5 413 19.6 367
0.8 375 463 41 416
0.9 68 533 80 515
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thus suggesting a complex decomposition mechanism via succes-
sive and/or parallel reactions [41]. In order to determine the kinetic
model and the form of the conversion function describing the stage
of thermal decomposition for sample Br_P5_Bpy_3CD, a multivari-
ate non-linear regression method was used [41]. All three above

Table 4

Table 3

137

Reactions types and corresponding reactions equations, dr/dt=—A x exp(—E/RT) x
fir,p); r—educt concentration; p—solid product concentration.

Code  f(e,p) Reaction type

Fn m nth—order reaction

Bna ™ x p® Expanded Prout-Tompkins equation (na)

F2 r? Second order

D2 —1/Inr Two dimensional diffusion

D1 0.5/(1-r) One dimensional diffusion

D4 15x(r'1P-1) Three dimensional diffusion
(Ginstling-Brounstein type)

D3 1.5xrB x(r~'3—1)  Three dimensional diffusion (Jander’s type)

F1 r First order

R3 3 x 23 Three-dimensional phase boundary reaction

A2 2 x 1 x (—In(r))!? Two dimensional nucleation

R2 2 x rif2 Two dimensional phase boundary reaction

A3 3 xrx(=In(r))?3 Three dimensional nucleation

An nx r(=In(r))n-1in n-Dimensional nucleation/nucleus growth

(Avrami/Erofeev)

mentioned kinetic methods may also be applied for kinetic deter-
minations to some non-degradative thermal processes studied via
DSC method [42].

Based on the isoconversional data, the software simulated TGA
curves by comparison with the experimental ones. 13 reaction
types described in the literature and given in Table 3, were tested
[27]. Table 4 lists the codes corresponding to the decomposi-
tion mechanisms presented in the literature and the statistical
parameters (Fexp and Fj;) which indicate the fit quality of the cal-
culated curves to the experimental ones for sample Br_P5_Bpy_[3CD.
Through multivariate non-linear regression method there was also
possible the determination of the individual kinetic parameters (i.e.
corresponding to the DTG curve peak) for the thermal decomposi-
tion stage of the studied structure. These values are 242 k] mol~!
for E, 15.23 for logA and one may observe that they fit within the
range of the global kinetic parameters values calculated using the

two isoconversional methods and given in Table 2.

Non-isothermal kinetic and statistic parameters obtained after non-linear regression through the thermal degradation mechanism of Br_.P5_Bpy_BCD in a single step.

Kinetic model Kinetic parameters

Statistical data

Correlation coefficient Ferie (0.95) Fexp

D2 logA=15.23 0.9964080 1.11 1.00
E (kfmol~1)=242

D3 logA=22.37 0.9962605 1.11 1.04
E (kJmol~1)=289

D4 logA=20.77 0.9962397 1.11 1.05
E (kJmol-1)=272

R3 logA=16.6 0.9958820 1.11 1.14
E (kJmol~1)=70

R2 logA=14.9 0.9958205 1.11 1.16
E (k] mol~1)=285

F2 logA=15.74 0.9954410 1.11 1.27
E (kjmol~1)=202

D1 logA=18.85 0.9896657 1.11 2.86
E (kJmol~1)=216

Fn logA=15.21 0.9882964 1.11 3.24
E (kJmol~1)=207
n=1.7

A2 logA=16.24 0.9862152 111 3.81
E (kJmol-1)=178

An logA=16.7 0.9858430 1.11 3.92
E (kJmol~1)=191

A3 logA=17.67 0.9847897 1.11 4.20
E (kJmol-1)=197

B1 logA=16.1 0.9811923 1.11 5.37
E (kJmol~1)=213
n=1.7

Bna logA=15.21 0.9789912 1.11 5.51

E (kJmol~1)=201
n=1.8
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Fig. 7. (a) lon fragments evolution as a function of temperature in MS spectrum of structure Br_P5_Bpy_(3CD.
(b) Ion fragments evolution as a function of temperature in MS spectrum of structure Br_P5_Bpy_(CD.
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Table 5
Main volatile fragments of Br_P5_Bpy_3CD identified from the MS spectra recorded at 308°C.
Main fragment m/z Molecular weight (g mol ') Identification Structure
18,17 18 Water H,O
28,16 28 Carbon monoxide co
44,12 44 Carbon dioxide CO,
27,26 27 Hydrogen cyanide HCN
32,29 32 Methanol CH3-OH
46, 45, 31, 39 46 Ethanol C,Hs-OH
60, 45, 43 60 Acetic acid CH3-COOH
H
7

N

43,42,41, 38 43 Ethyleneimine i j
NH,
57,56, 55, 54,53, 52,51, 50 57 Cyclopropylamine i E
96, 95, 39 96 Furfural @/
O. _CHs

82,81 82 2-Methyl-furan @/
82,80 80 Hydrogen bromide HBr

As one may observe from Table 4, the best results were obtained
with the two dimensional diffusion (D2) kinetic model for which
the software program yielded a correlation coefficient value of
0.9964080, closest to unity. The different diffusion models and their
theories are vastly discussed in the literature [40]. A typical situ-
ation regarding different diffusion processes is one in which the
reaction rate is controlled by the diffusion of a volatilized product
into the structure of another participating reactant or product, with
respect to changes which may occur in boundary geometry of the
reaction(s) interface(s) [40]. Since the DTG curve peak temperature
value (308 °C) of the studied complex (Table 1) almost coincides
with the theoretical boiling point value of pure Bpy (305°C), the
latter’s gaseous molecules may diffuse inwards between the solid
degrading BCD structural entities. The thermal decomposition pro-
cess occurs at the BCD surface with the formation of a charred
layer which delays the gaseous evolvement of volatile products
entrapped in the BCD cavity. This leads to a diffusion process of
the evolved gases through the charred layer, thus hardening mass
transfer from the cavity to the exterior and also explaining the
increase in thermal decomposition temperatures. Occurrence of a
complex thermal decomposition process may also be indicated by
the relatively high E values recorded at lower « values (Table 2),
correlated with a high Tsg value (295 °C). The increasing in E values
with « indicates the hardening of reaction(s) interface(s) advance
into the yet unreacted material with temperature increase [40].

3.3. Evolved gas analysis

The NIST Mass Spectral Database was used for the interpreta-
tions of mass spectrum of evolved gaseous products. The FTIR-MS
analysis of the products generated during the thermal degradation
of Br_P5_Bpy_CD revealed a complex volatile mixture. Fig. 6 shows

the MS spectrum of the main gaseous products evolved during ther-
mal decomposition of the studied structure, corresponding to the
DTG curve peak (308°C). Table 5 indicates the m/z values of the
main gaseous fragments.

The presence of water in the gaseous mixture was confirmed
by the m/z values of 18 and 17. Evolvement of CO and CO, was
demonstrated by m/z values of 28 and 16 and m/z values of 44
and 12, respectively. The absence of the fragment m/z=14, spe-
cific to nitrogen, confirms the correct attribution of ion fragment
28 to CO evolvement. Concerning nitrogen used as purge gas in
the analysis, its signal was extracted from the MS spectrum by the
device software simultaneously with the background spectrum.
The m/z values of 27 and 26 were attributed to HCN from the
guest molecule [20]. The m/z values of 82 and 80 correspond to HBr
traces. Other main gases evolved from the guest molecule consist
of ethyleneimine, with m/z values of 43, 42, 41, 38, and cyclopropy-
lamine, with m/z values of 57, 56, 55, 54, 53, 52, 51, 50, respectively
(Table 5). BCD also exhibited a complex mixture of evolved com-
pounds, such as methanol, with m/z values of 32, 29, ethanol, with
m/z values 46, 45, 31, and acetic acid, with m/z values of 60, 45
and 43. Also, there were identified ion fragments corresponding to
furfural, with m/z=96, 95, 39 and 2-methyl-furan, with m/z=82,
81.

Fig. 7a and b shows the evolution of gaseous ion fragments
with temperature for the main structural moieties depicted in
Table 5. It may be observed that variations of ion fragments exhibit
similar evolutions and shapes, thus confirming a correct attribution
of signals from the MS spectra.

By analyzing Fig. 7a and b, one may observe that gaseous
products containing oxygen, such as water, carbon oxides, acetic
acid, furfural, which result during BCD thermal decomposition,
evolve at lower temperatures (285-600°C) compared to the
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Fig. 8. FTIR spectrum of the evolved gaseous products corresponding to sample
Br_P5_Bpy_3CD extracted at 308°C.

ones containing nitrogen (300-600°C) and which belong to Bpy
(HCN, ethyleneimine, cyclopropylamine). This aspect confirms the
mechanism of degradation and mass transfer through diffusion
processes.

Fig. 8 shows the FTIR spectrum of the evolved gaseous mixture
during thermal degradation of structure Br_P5_Bpy_[3CD extracted
at 308 °C. The FTIR spectrum confirms the MS spectrum data.

The signals between 4000 and 3500 cm~! correspond to water
loss. The large signal in the range 3500-3000 cm~! with a peak at
3239cm~! corresponds to OH, NH and NH, stretching vibrations
from alcohols and amine based compounds [43,44]. The absorption
band with the peak at 2816 cm~! may be attributed to CH vibra-
tion from —CH=O0 entities [44]. The absorption bands with peaks
at 2364, 2321 and 670cm! are characteristic to carbon dioxide
and the one with the peak at 2200cm~! to CN group stretching
vibration [44]. The signals in the range 1628-2000cm™! are spe-
cific to stretching vibrations of C=0 from aldehyde, carboxyl group
and C=C entities, which overlap with those of water loss [43]. Sim-
ilar, the range 1335-1556cm™! is also specific to overlapping of
some absorption bands which characterize stretching vibrations
of C=C from furan, water and cycloaliphatic moieties [43,44]. The
peak at 863 cm~! may be assigned to C—H stretching vibration from
furan derivatives, while peak values of 1162 and 1109 cm~! were
attributed to vibrations of C—O0—C entities [44].

4. Conclusions

A study on the thermal behavior of a B-cyclodextrin-caged 4,4'-
bipyridinium-bis(siloxane) inclusion complex was undertaken. The
occurrence of complexation phenomena was evidenced by an
increase in the thermal stability of the inclusion complex, compared
to that of pure host and guest molecules. Inclusion complex forma-
tion was also evidenced through simultaneous TGA-DTA analysis
by the lowering in intensity of the guest molecule melting pro-
file and increase in residue mass due to the protection of guest
molecule by the cyclodextrin cavity. Non-isothermal degradation
kinetic studies were conducted by dynamic thermogravimetry,
in nitrogen, up to 700°C, after recording thermograms at four
heating rates. Global kinetic parameters values were determined
by means of Friedman and Flynn-Wall-Ozawa isoconversional
methods. The kinetic parameters values increased with the conver-
sion degree, indicating a complex thermal decomposition pattern.
The kinetic model characterizing the thermal decomposition pro-
cess and the individual kinetic parameters values were determined
by a non-linear multivariate regression method. The thermogravi-
metric data was best described by a two dimensional diffusion (D2)

kinetic model. The main volatile compounds evolved during ther-
mal degradation were: water, carbon monoxide, carbon dioxide,
hydrogen cyanide, methanol and ethanol, acetic acid, hydrogen
bromide and amine and furan derivatives.
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