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Cyclodextrin inclusion complexes as novel
MOCVD precursors for potential cobalt oxide
deposition
N. D. Papadopoulosa, H.S. Karayiannib, P.E. Tsakiridisa, M. Perrakic

and E. Hristoforoua∗

The potential use of the inclusion complexes of β-cyclodextrins with metal halides as novel precursors in MOCVD applications
was examined in terms of microstructure, thermal stability and chemical modifications during heating. The investigation was
especially focused on the inclusion complex of β-cyclodextrin with cobalt iodide for cobalt oxide thin film deposition. The
general composition assigned to the dextrin’s inclusion complex was: (β-CD)2

•CoI7
•11H2O. It was found that the inclusion

complex of β-cyclodextrin with CoI2 may prove a promising alternative to traditional metalorganic or organometallic Co-
precursors for precise CVD applications. The sublimation temperature must be preferably in the range 70–125 ◦C, and the
decomposition temperature (substrate temperature) in the range of 350–400 ◦C. Three distinct regions can be recognized by
heating: transformation of tightly bound water molecules into easily movable ones, sublimation of iodine ions and Co atoms
oscillation and thermal decomposition of the glycositic ring into volatile by-products. Copyright c© 2009 John Wiley & Sons,
Ltd.

Keywords: cyclodextrins; inclusion complexes; cobalt; precursors; CVD

Introduction

With the discovery of giant magnetoresistance (GMR) in magnetic
multilayer structures, spin valves and granular alloys, the inter-
est in the deposition of magnetic, ultrathin films has increased
significantly.[1,2] Most of the published studies employed sputter-
ing or evaporation techniques for ferromagnetic or ferrimagnetic,
mainly Co and spinel structured ferrite oxides, and thin film de-
position. Sputtering is typically preferred over evaporation due
to the higher purity of sputter-deposited films, with the draw-
back however of the induced substrate damage caused by the
highly energetic ions.[1] Recently, chemical vapor deposition (CVD)
has emerged as a beneficial alternative to previous processes. Its
main advantages include the ability to coat aggressive substrate
topographies with excellent step coverage, tight control of film
texture and grain size and epitaxial growth as well as high purity
without ion-induced substrate damage.[1,3]

Of critical importance in the realization of a viable Co CVD
process is the development of a suitable precursor source
with such chemical characteristics that will enable the growth
of pure thin films at wide process temperature ranges. Other
factors of concern include thermal stability at room temperature,
inert chemical behavior prior to deposition and minimization
of C traces in the produced film. Since inorganic precursors
usually demand high deposition temperatures and present in
most cases only low volatility,[4] metal–organic or organometallic
compounds are typically used, which decompose at relatively
lower temperatures.[3]

Concerning particularly organometallic or metal–organic pre-
cursors for Co-deposition, cobalt carbonyls typically employed
in CVD systems present films with unacceptably rough surfaces
containing up to 50% atom carbon.[5] Cobalt acetylacetonate

Co(acac)2 requires precise temperature control in order for the pre-
mature decomposition of the precursor to be avoided, whereas mi-
nor carbon and oxygen contamination is inevitable.[2] Cobaltocene
Co(C5H5)2 and cyclopentadienylcobalt dicarbonyl C5H5Co(CO)2

have been employed in APCVD systems with unacceptably rough
surface morphology and low growth rates.[1] Homogeneous gas-
phase reactions have also been reported.[6] HCo(CO)4 is unstable
above −26 ◦C[2] and cobalt tricarbonyl nitrosyl Co(CO)3NO is an
expensive reagent, which demands during deposition constant
freezing below 0 ◦C to achieve reproducible delivery rate.[1,2]

Recent advances[7,8] have pointed out the role of a suitable sol-
vent in order for premature decomposition to be avoided with
the limitations, however, of limited precursor solubility and film
contamination caused during the solvent’s evaporation.

Another major group of organic compounds that can potentially
be innovative precursor materials are the inclusion complexes of
cyclodextrins or Schardinger dextrins with metal halides. Cyclodex-
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Figure 1. The three forms of cyclodextrins (α-, β- and γ -CD).

Table 1. Cyclodextrin properties[9]

Property
α-

Cyclodextrin
β-

Cyclodextrin
γ -

Cyclodextrin

Number of
glucopyranose units

6 7 8

Molecular weight
(g mol−1)

972 1135 1297

Solubility in water at
25 ◦C (%, w/v)

14.5 1.85 23.2

Outer diameter (Å) 14.6 15.4 17.5

Cavity diameter (Å) 4.7–5.3 6.0–6.5 7.5–8.3

Height of torus (Å) 7.9 7.9 7.9

Cavity volume (Å3) 174 262 427

trins are cyclic oligosaccharides of three types: α-cyclodextrin,
β-cyclodextrin and γ -cyclodextrin (Fig. 1), and composed of six,
seven and eight α-(1,4)-linked glycosyl units, respectively.[9,10]

Among them, β-cyclodextrin is the most accessible, and generally
is considered as the most useful. The main properties of all types
of cyclodextrins are given in Table 1.

Cyclodextrins are formed by two main types of crystal packing,
channel structures and cage structures, depending on the type
of cyclodextrin and guest compound. The secondary hydroxyl
groups are located on the wider edge of the ring and the
primary hydroxyl groups on the other edge. The apolar C3 and C5

hydrogens and ether-like oxygens are at the inside of the torus-like
molecules. This results in a molecule with a hydrophilic outside,
which can dissolve in water, and an apolar cavity, which provides a
hydrophobic matrix (Fig. 2). As a result of this cavity, cyclodextrins
are able to form solid inclusion complexes (host–guest complexes)
with a wide variety of hydrophobic (solid, liquid or gaseous)
guest molecules by molecular complexation. One or two guest
molecules can be entrapped by one, two or three cyclodextrins.
In these complexes a guest molecule is held within the lipophilic
cavity of the cyclodextrin host molecule, the latter acting as a
micro-heterogeneous environment into which appropriately sized
non-polar moieties can enter to form inclusion compounds.[11] The
number of glucose units determines the internal diameter of the
cavity and its volume, since its height is in all cases the same. As
a result, α-cyclodextrins typically complex low molecular weight
molecules with aliphatic side chains, β-cyclodextrins complex
aromatic compounds and γ -cyclodextrins accommodate larger
molecules such as steroids.

Whether or not a cyclodextrin will form an inclusion complex
with a guest molecule depends on two key factors. The first one
is steric depending on the relative sizes of the cyclodextrin ring
and the guest molecule or assessed functional groups within the
guest. The second one is thermodynamic equilibrium between
the different components of the system (cyclodextrin, guest,
solvent – usually water).

In the present research work the synthesis and characterization
of β-cyclodextrin inclusion complex with cobalt iodide were

Figure 2. Chemical structure of β-cyclodextrin.[9]

Appl. Organometal. Chem. 2010, 24, 112–121 Copyright c© 2009 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/aoc
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examined in order to investigate the potential use of cyclodextrins
as novel MOCVD precursors for cobalt oxide deposition.

Experimental

Synthesis of the Inclusion complex of β-cyclodextrin with
cobalt iodide

The dextrin complex was prepared according to Noltemeyer and
Saenger.[11] One gram of β-CD was dissolved in 80 ml of distilled
water at room temperature with stirring until the solution became
almost saturated. Then 0.36 g of anhydrous cobalt iodide and
0.44 g of solid iodine were added simultaneously to the solution.
The mixture was then heated to 60–65 ◦C for 20 min and was
gravity filtered into an empty beaker. It was transferred quickly
into a Dewar flask with an end cap containing water at the
same temperature. After 12 h it was immersed in an ice bath and
remained there for another 24 h. Fine brown needles of complex
Co β-CDs were grown and were collected by gravity filtration in a
Buchner funnel. Finally, they were dried in air.

X-ray diffraction (XRD) tests were conducted using a Siemens
D5000 diffractometer with nickel-filtered CuKα1 radiation (1.5405
A), at 40 kV and 30 mA. Thermoanalytical study of the precursor
was carried out by the high-temperature PerkinElmer DTA 7, which
was calibrated with Al and Au standards. Alumina crucibles with
alumina lids were used and the heating rate was 10 K min−1.
Typically a 10–15 mg portion of the test samples was used and
Al–Ni–Sm–Pd alloy was the thermally inert reference material.
DTA curves were recorded on heating up to 500 ◦C in dynamic
atmosphere of either argon (30 ml min−1) or air. All samples were
cooled down to 25 ◦C at the same rate (10 K min−1) and then a
second run up to 500 ◦C was employed, after a holding period
of 10 min at 25 ◦C. The IR measurements were carried out using
a Fourier transform IR (FTIR) spectrophotometer (Perkin-Elmer
Spectrum GX). The FT-IR spectra in the wavenumber range from
400 to 4000 cm−1 were obtained using the KBr pellet technique.

The pellets were prepared by pressing a mixture of the sample
and dried KBr (sample : KBr ratio approximately 1 : 200) at 8 tonnes
cm−2. Raman spectra were recorded by the use of a Raman
spectrometer using a Nd–YAG (λ = 1064 nm, NIR region) laser
for excitation, operating at 4 cm−1 resolution and with data point
intervals of 2 cm−1. The samples were also studied with 488
and 515 nm argon laser excitations as well as the 633 nm line
of an He–Ne ion laser. The laser power was kept in all cases
below 100 mW to avoid crystal cratering. Cobalt concentration
was measured in the remaining solution by atomic absorption
spectrophotometer (Perkin Elmer 4000), in order to determine
the reaction yield. Finally, the morphology of the produced solid
precursors was evaluated by scanning electron microscopy (SEM)
using a Jeol 6380 LV SEM. Experimental conditions involved 15 kV
accelerating voltage at low vacuum (30 Pa), using a backscattered
electron detector. Microanalysis was performed by an Oxford INCA
energy dispersive spectrometer (EDS) connected to the SEM.

Results and Discussion

X-Ray Diffraction

XRD analysis of the dextrin’s inclusion complex confirmed
numerous Bragg reflections. The diffraction data was obtained
with a 0.030 step width over a 2θ range from 5◦ to 55◦. Two
major peaks are seen (Fig. 3), as opposed to only one of the parent
β-cyclodextrin. The latter presents multiple peaks with relative low
intensities. On the contrary, the inclusion complex is much higher
oriented, but the 2θ angles at which the more intense Bragg’s
reflections appear remain almost the same, since the fundamental
building ligands, such as the dextrin dimmers and the polyiodide
units, remain unchanged upon complexing.

Scanning Electron Microscopy

The SEM micrographs of the Co-cyclodextrin complex are given
in Fig. 4(a, b). Well-formed monolithic crystals can be easily seen.
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Figure 3. XRD analysis of β-cyclodextrin and its inclusion complex with cobalt iodide.
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(a) (b)

Figure 4. SEM images of the inclusion complex of β-cyclodextrin with CoI2: (a) ×330; (b) ×850.

Table 2. EDS analysis of the inclusion complex of β-cyclodextrin with
CoI2

Element Weight percent Atom percent

C 37.91 64.90

O 21.98 28.25

Co 1.84 0.64

I 38.27 6.20

Sum 100 100

Especially interesting is the fact that each needle resembles a post
with specific geometrical aspects, e.g. the edges’ width, all across
the crystal’s formation.

The weight percent and percentage atomic concentrations of
typical needle crystals of dextrin Co-IC were measured by EDS
analysis (Table 2). Iodine is present with a significant weight
percent. On the other hand, the weight percent of Co did not
exceed 2% and was found to be even less in other samples tested.
This seems to be an upper limit and was, however, to be expected,
since the β-cyclodextrin’s cavity is of the order of a few (∼7)
Ångstrom and its molecular weight exceeds 1100. It is well known
that the difference in cyclodextrin cavity sizes provides in reality a
basis for selectivity so that one may complex molecules of a certain
size. The atomic radius of the metal (1.67 Å for Co) to be complexed
is another critical factor. As a result, beyond a certain limit Co
complexes cannot be bound by the parent cyclodextrin and an
excess of Co2+ ions in the starting solution would inevitably lead to
a complexation by a coupling of more than one dextrin molecules,
thus maintaining the weight percent or atomic concentration of
Co below 2%. This is in agreement with the assumption that,
from aqueous solution with metal iodide present, cyclodextrins
dimerize to form inclusion complexes.[10,11 – 13]

Elemental analysis of pure β-CD in past literature has shown
that the weight percent of C and H is in the order of 38 and 7%,
respectively. However, H is inevitably omitted by EDS analysis, so
one should expect that the real weight percent concentrations for
Co, O and C are slightly lower than the ones presented in Table 2,
by approximately 6.5%.

Atomic Absorption Spectroscopy

The Co2+ concentration in the final solution was determined
through atomic absorption spectroscopy. It was found that the
crystallization solution contained only about 70 ppm of Co2+, so
more than 92% of the initial cobalt iodide used was complexed
with the native β-cyclodextrin. The previous result implies an

upper limit of metal halide quantity that can be complexed, with
regards to the specific amount of β-cyclodextrin used in our
synthetic route and the EDS analysis.

Differential Thermal Analysis – Thermogravimetry

The DTA and TG traces for the dextrin IC examined are shown in
Fig. 5. Regarding the DTA trace the first peak occurs at around
70 ◦C, where energy is absorbed as water is evaporated from the
crystals.[14] By temperature increment another two endothermic
peaks with onset temperatures of 130 and 170 ◦C arise. The first one
should be attributed to sublimation of iodine molecules, whereas
the second one as well as the small endothermic change around
230 ◦C without any significant weight loss should be attributed
to structural transformations of the parent cyclodextrin. At about
370 ◦C melting of dextrin’s crystals and thermal decomposition
occur. Melting and decomposition cannot be separated one from
another, since cyclodextrins are single-crystalline structured and
no secondary phases are expected to be discovered by increment
in temperature.[15]

No signs of other phase transformations were depicted when
the DTA trace was recorded in a dynamic argon atmosphere.
Beyond 170 ◦C, the complex exhibits sufficient thermal stability,
attributed to the chemical nature of the parent cyclodextrin.

However, it is well known that, by heating beyond 230 ◦C,
cyclodextrins decompose in one major step[16] through the
formation of a solid residue (char) and above about 350 ◦C this
degradates further through a pyrolytical process, which strongly
resembles the cellulose pyrolysis procedure. Moreover, char is
quite stable even at temperatures well over 450 ◦C, as can be
noticed by the TG graph (inert atmosphere).

The charring process is related to the opening of the cyclodextrin
rings, decomposition of the glycositic structure, elimination of the
OH groups and formation of unsaturated carbonyl groups and
aromatic structures.[17] The percentage residue strongly depends
on the type of the substituent and stabilizes with the latter’s
polarity increment.

However, by heating in air char is oxidized to volatile products,
such as CO2, H2O and furan compounds. In this case, the total
weight loss exceeds 95%, whereas under an inert atmosphere this
is no more than 70%, attributed to the char stabilization.

It should be also noted that, when β-cyclodextrins (β-CDs)
crystallize from aqueous solutions with metal, iodide and iodine
tend to follow the same monoclinic crystal structure as (β-
CD)2

•KI7
•9H2O.[18] From the TG graph, the number of water

molecules present inside the inclusion complex was calculated by
the weight loss (∼5.6%) in the temperature range 70–130 ◦C, at
which all of them are supposed to have moved out. It was found

Appl. Organometal. Chem. 2010, 24, 112–121 Copyright c© 2009 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/aoc
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Figure 5. Differential thermal analysis – thermogravimetry of the inclusion complex of β-cyclodextrin with CoI2.

-10

-5

0

5

10

15
-100-90-80-70-60-50-40-30-20-100

Weight Loss %

H
ea

t F
lo

w
 (

W
/g

)

Dextrin IC
Inert Atmosphere

Dextrin IC (In Air)

Figure 6. DTA vs TG of the inclusion complex of β-cyclodextrin with CoI2.

that the complex contained 11 water molecules per dimmer, so
the proposed general composition that could be assigned to it
must be as follows: (β-CD)2

•CoI7
•11H2O. The 11 water molecules

are shared between the cavity of β-cyclodextrin and the external
interstices, with the former interacting less strongly with the
cyclodextrin ring.

The results from the DSC and TG data are cross-plotted in
Fig. 6. By steady heat flow a variable behavior of mass loss can
be observed. However, by heating in air, and after a loss in
total weight of about 30–35% a normal decrement is observed,
which is almost linear. This, in turn, implies a net absorption heat,
which remains fairly constant during the pyrolytical process. In
other words, beyond a certain limit, the char formation almost

completely volatilizes to counterbalance, through an exothermic
manner, the energy throughput during heating.

Infra-red Spectroscopy

Absorptions in the 400–1630 cm−1 range are related to typical
band frequencies of β-cyclodextrins. Thus it is assumed that
its structure remains intact upon complexing. In fact, typical
absorption bands of the cyclodextrin ring at 408, 525, 575,
696, 753, 854 and 940 cm−1 can be observed (Fig. 7). Other
characteristic bands should be assigned to several β-cyclodextrin
vibrational modes, since the inclusion complex cannot be clearly
distinguished from the host molecule and its absorption bands

www.interscience.wiley.com/journal/aoc Copyright c© 2009 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2010, 24, 112–121



1
1

7

Cyclodextrin inclusion complexes as novel MOCVD precursors

Figure 7. IR spectra of pure β-cyclodextrin and its inclusion complex with CoI2 before and after heat treatment.

are in general overlapped by those of the parent dextrin. These
bands include the absorptions at 1026, 1157, 1367, 1407 and
1631 cm−1, corresponding to C–C and C–O stretching, C–O–C
glucosytic stretching, C–H bending, O–H in plane bending and
C C stretching, respectively.[19 – 21] Finally, the peak arising at
2918 cm−1 was assigned to C–H stretching vibrational mode.

The downshift of the –O–H vibrational mode at around
3400 cm−1 of the inclusion complex is caused by interactions
between β-cyclodextrin and the guest agent. As water is released
upon complexation, an indirect proof of inclusion is provided.

Since structural transformations are not reversible by cyclic
heat treatment, a heat treatment process of 15 min was also
conducted. The temperatures selected were 140 and 240 ◦C,
respectively, which corresponded to states shortly after distinct
phase transformations, according to DTA results. The IR spectra
of pure β-cyclodextrin, its inclusion complex with CoI2, and the
heat-treated ICs are presented in Fig. 7. These samples, for reasons
of simplicity, are denoted ‘A’, ‘B’, ‘C’ and ‘D’, respectively.

Concerning the heat-treated inclusion complex ‘C’, it is
interesting that a few water molecules remain tightly bound to the
parent dextrin, even if the lowering of the O–H vibrational mode
is significant at this temperature. As the temperature increases the
following scheme

H2Otightly bound ←−→ H2Oeasily movable

reflects the tendency of increased mobility of water molecules
during liberation of tightly bound water molecules from the
dextrin’s crystal structure. This phenomenon induces an increment
in the protonic conductivity via the Grotthuss mechanism.[22]

Since the cobalt ions are coordinated by two water molecules and
two hydroxyl groups in a near-tetrahedral arrangement,[18] it is
expected that they become free to oscillate,[23] until they are left
free, when iodine has sublimed.

Furthermore, absorption bands corresponding to the parent
dextrin have been substantially lowered and in particular the band
corresponding to C–C and C–O stretching vibrational mode at

1026 cm−1 has disappeared, probably implying the onset of a
decomposition process of the glycositic ring.

At 240 ◦C the cyclodextrin ring has been broken, as indicated by
the elimination of its typical bands with a simultaneous creation
of two sharp absorption bands at around 680 and 560 cm−1,
attributed to an aromatization process[24] of char decomposition.
This is further confirmed by the observation that frequency bands
between 900 and 1200 cm−1, corresponding to typical glycositic
absorption bands, have disappeared.

Raman Spectra

To investigate further the potential use of dextrin’s ICs in CVD
applications, Raman spectroscopy was also employed. The low-
frequency Raman spectra require special attention, since it is well
established that features in this region are characteristic of the
nature and symmetry of polyiodide species.[25]

Pure β-cyclodextrin exhibits Raman bands at around 476, 855,
948, 1126, 1252, 1338, 2907 and 2940 and a broad band at
3350 cm−1, as shown in Fig. 8. The most intense band in the
2800–3800 cm−1 region occurs at 2907 cm−1 and is attributed to
the peak intensity of the ν(CH) bands (stretching vibrations). The
very broad band at around 3350 cm−1 corresponds to the Raman
OH stretching band of crystalline hydrated β-cyclodextrin.[26] The
very intense bands at around 476 and 948 cm−1 may be assigned
to skeletal modes of β-cyclodextrin.[27] As expected, none of the
modes in the 400–1500 cm−1 region arise from a single type of
molecular vibration.

It is known[11,18] that upon crystallization ofβ-cyclodextrins from
aqueous solutions with metal iodide and solid iodine, channel-type
complexes are formed. The dextrin molecules orient themselves
in a head to head arrangement and are bound together through
a polyiodide chain in a Z-like structure which crosses each one’s
cavity (Fig. 9). The inclusion of the solid iodine generally does
not lead to any changes in the Raman vibrational modes of the
parent dextrin. However, a known[28] charge transfer interaction
between I3− and I2 in the polyiodide chain I2•I3•I2− takes
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Figure 8. Raman spectra of pure β-cyclodextrin at different excitation wavelengths (l.e.w., laser excitation wavelength).
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Figure 9. Dimerization of dextrin molecules during complexation with
metal iodides.[18]

place due to the symmetric stretch of iodine molecules. This
is imprinted in a very intense band arising at around 170 cm−1

in the inclusion complex’s Raman spectrum. (Fig. 10). No other
significant alterations between pure β-cyclodextrin and its IC
with CoI2 were detected at the excitation wavelength examined
(1064 nm). However, as can be observed (Fig. 11) in the Raman
spectra of heat treated samples (‘C’ and ‘D’), the afore-mentioned
vibrational mode at 170 cm−1 has disappeared, clearly implying a
sublimation process of iodine molecules below 140 ◦C.

For sample ‘C’, C–O–H bending and CH2 twisting vibrational
modes correspond to 1330 cm−1.[29,30] For sample ‘D’ the band
arising in the range of 1590–1600 cm−1 should be assigned to
angle-bending vibrations around the carbons involved in the
glycositic ring during char formation.

Since the Raman effect is a weak effect, minor fluorescence may
be substantially stronger than Raman scattering, thus outflanking
Raman signal. It was observed that ‘C’ and ‘D’ samples fluoresced
when excited at 1064 nm wavelength. Sample ‘D’ exhibited
high fluorescence even at 633 nm. Microcrystalline phases were
depicted in some cases at relatively low wavenumbers by higher
resolutions. Raman spectra for samples ‘C’ and ‘D’ for different
excitation wavelengths are presented in Figs 12 and 13.

Discussion

During a CVD process, the precursor complex must preferably
decompose at the substrate’s surface to liberate the metal from
its ligand sphere. The decomposition should be clean, i.e. it
does not contaminate the produced film with carbon remnants.
Furthermore, a suitable precursor must not only be stable at room
temperature, but also provide vapors presenting an inert chemical
behavior prior to deposition. Low toxicity and pyrophoricity are
inevitably required, as well as minimizing of impurity traces. This is
why by-product desorption out of the substrate must be effective.
Ease of handling and low cost involved in the complex’s synthesis
are other factors of concern.

The afore-mentioned criteria seem to be redeemed by the
dextrin’s inclusion complex with cobalt iodide. Dextrin ICs, as
in the case of metal b-diketonates, should be considered as
metal–organic rather than organometallic precursors, since they
do not possess metal–carbon bonds, even though they contain
organic ligands. Complexation is achieved by coupling of more
than one parent molecules through polyiodide chains formed
during charge transfer interactions between dimerized species.

Since all metal iodides follow the structure of potassium iodide
inclusion complexes, a similar chemical behavior of cobalt iodide
inside the dextrin’s cavity should be expected. Cobalt cations are
fourfold coordinated by two water molecules and two hydroxyl
groups in a near-tetrahedral arrangement. These are located in
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Figure 10. Raman spectra of pure β-cyclodextrin and its inclusion complex with CoI2.

Figure 11. Raman spectra of pure β-cyclodextrin and its inclusion complex with CoI2 before and after heat treatment.

the space between the dimmers’ cavities.[18] During heating,
the initially tightly bound water molecules transform into easily
movable ones, thus rupturing the afore-mentioned arrangement.
Through previous studies[23,31] on the dielectric properties of the
inclusion complexes of β-cyclodextrin with metal iodides, it has
been proved that around 98 ◦C the conductivity of ICs, caused
mainly by the activation and movement of the metallic cations,
significantly increases and this increment can be characterized
as a semiconductor-to-metal transition. This is realized through
the water net via the Grotthuss mechanism. As the temperature
increases, the conductivity decreases, reaching a minimum at

around 125 ◦C, where all water molecules have moved out. At this
point, cobalt cations’ charge remains localized, thus contributing
only slightly to the IC’s conductivity. At around 130 ◦C, iodine
starts to sublimate. The cobalt cations find more space to move
freely, due to symmetric stretch of the far-out iodine molecules
of the polyiodide chain. After total removal of iodine molecules
(180 ◦C) the cobalt cations seem to occupy completely the cavity’s
volume, as it is indirectly implied by a new increase in the IC’s
conductivity.[31] Since, however, no structural transformations of
the parent dextrin are depicted in this temperature range it
should be expected that free cobalt remains intact inside the
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Figure 12. Raman spectra of heat treated (140 ◦C) β-cyclodextrin’s inclusion complex with CoI2 at 515 nm excitation wavelength.

Figure 13. Raman spectra of heat treated (240 ◦C) β-cyclodextrin’s
inclusion complex with CoI2 at 515 and 633 nm excitation wavelength.

cavity of the separated, due to the chain’s rupture, dimmers. Thus,
it can be assumed that complexes are well protected against
destabilizing effects and is probably subjected to weak forces
by the neighboring hydroxyl groups, even at the temperature
of the first decomposition stage (∼230 ◦C). Cobalt can be finally
set free only by the rupture of the aromatic structure at higher
temperatures (∼350 ◦C).

The previous model has been confirmed by the results of
EDS analysis of heat-treated samples ‘C’ and ‘D’ (Tables 3 and 4).
It can be clearly seen that Co wt% concentration increases as
temperature increases due to the sublimation of iodine molecules.
After the first decomposition stage the C wt% concentration
has also increased and this is related to the charring process.
However, since char is transformed into volatile products under
oxidative conditions, a further increase of Co wt% concentration is

Table 3. EDS analysis of the heat-treated inclusion complex of β-
cyclodextrin with CoI2 (sample ‘C’)

Element Weight percent Atom percent

C 49.67 77.39

O 12.68 15.66

Co 6.13 1.97

I 31.52 4.98

Sum 100 100

Table 4. EDS analysis of the heat-treated inclusion complex of β-
cyclodextrin with CoI2 (sample ‘D’)

Element Weight percent Atom percent

C 73.95 79.66

O 15.14 16.05

Co 10.91 4.29

I – –

Sum 100 100

to be expected at higher temperatures, along with a progressive
reduction of C wt% concentration. This seems to counterbalance
the drawback of low molecular weight complexation capabilities
of β-cyclodextrin in its natural form. As a result, a deposition
mechanism of a low growth rate for the controlled production of
ultrathin films of cobalt oxide with minor carbon contamination
is viable. Traces of carbon can act as restriction sites of grain
growth, thus leading to deposition of nanostructured metal-oxide
paricles.[32]

The substrate temperature however, must be higher than
350 ◦C, preferably in the range of 350–400 ◦C, in order by-
product’s desorption to be effective. Moreover, Milosavljevic
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et al.[33] suggested the significance of the heating rate on the
kinetics of pyrolytic mass loss. Char formation appears to be
a process demanding a lower activation energy than the main
process of mass loss and thus, by heating at rates of several degrees
per second, char formation is eliminated and counterbalanced by
an endothermic heat of volatiles release. This can be well realized
in an atmospheric pressure CVD reactor, where heat transfer either
through radiation or through conduction is maximum.

It must be noted that deposition from a typical metallorganic
precursor occurs by cleavage of the bonds of the atoms
coordinated to the metal cation. In the case of ICs, however,
no bonds are broken. The metal is protected in the cavity of its
host, until the latter is thermally decomposed. The decomposition
mechanism of a specific IC strongly depends on the metal ion to be
complexed, since its fitting strength varies significantly according
to its coordination to the oxygen atom of the hydroxyl group,
as well as to its bridging with hydroxide anions.[16] Moreover,
the decomposition point of β-cyclodextrins’ ICs is lowered in
the presence of Co atoms. Uncomplexed β-cyclodextrin melts and
decomposes around 300 ◦C,[17] whereas its inclusion complex with
CoI2 starts to decompose at around 230 ◦C.

As far as the complex’s volatility is concerned the weight loss of
∼1% within the temperature range 45–70 ◦C illustrates a minor
volatility. This loss in one main step is due to the transformation
of normal hydrogen bonds to those of flip-flop type.[18] At higher
temperatures the absence of hydrogen bonds enhances the
complex’s volatility and, as a result, its sublimation temperature is
determined by Van der Waals intermolecular interaction. At around
130 ◦C sublimation of iodine occurs. Therefore, sublimation of the
complex must be restricted below this temperature to avoid
rupture of the polyiodide chain. Close to this point the recorded
weight loss was about 6.5%. Whereas the relatively low volatility
of the complex may be considered as a drawback in certain
MOCVD applications, it could allow one to grow cobalt oxide films
with thicknesses of a few nanometers or even angstroms. Low-
concentration doping is also another perspective, since dopant
control from highly volatile precursors is a rigorous task even for
the state-of-the-art deposition techniques.

Conclusions

Based on the data of the present research work, the following
noteworthy aspects should be stated:

• The inclusion complex of β-cyclodextrin with CoI2 may prove
an innovative Co-precursor for precise CVD applications,
especially in the case of cobalt oxide thin films. We are currently
investigating the chemical behavior of the complex under
reductive conditions.

• The complex presents an inert chemical behavior prior to
decomposition.

• It can be roughly estimated that the sublimation temperature
of the dextrin’s IC must be preferably in the range of 70–125 ◦C,
whereas the decomposition temperature must be in the range
of 350–400 ◦C.

• Further investigation needs to be employed concerning the
kinetic process of dextrin ICs’ thermal decomposition and char

formation at different heating rates. However, by taking into
account the weight percent of Co in the dextrin’s IC, a slow
deposition rate should be expected with a smooth surface
morphology.

• The combination of IR and Raman techniques can provide
an insight into the crystal structure of the inclusion complex,
based on structural modifications of the polyiodide chain
during heating.

• Since cyclodextrins complex a variety of metal iodides, further
investigation with regards to their potential use in different
CVD applications needs to be employed.
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