University of Groningen

Design and development of novel layered nanostructured hybrid materials for environmental,
medical, energy and catalytic applications
Potsi, Georgia

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Potsi, G. (2016). Design and development of novel layered nanostructured hybrid materials for
environmental, medical, energy and catalytic applications. [Thesis fully internal (DIV), University of
Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 09-01-2023

Fabrication of highly ordered Cu2+/Fe 3+substituted POSS thin films,
a case study of structure influenced by metal coordination

CHAPTER 7
Fabrication of highly ordered Cu2+/Fe3+ substituted POSS
thin films, a case study of structure influenced by metal
coordination
In this chapter we introduce a layer-by-layer protocol to grow metal-decorated
organic-inorganic cage-like polyhedral oligomeric silsesquioxanes (POSS) thin films
with possible application in the field of quantum computers.[1][2]Our key strategy is to
use metal ions (Cu2+ or Fe3+) as linker for the ammonium-functionalized cage-like
POSS which are self-assembled between arachidic acid to form highly ordered
structures by using the Langmuir–Schaefer method.

7.1. Introduction
As it is described in Chapter 5 silsesquioxanes (RSiO3/2) form three-dimensional (3D)
cage-like highly symmetric frameworks known as polyhedral oligosilsesquioxanes
(POSS). These formations derive from hydrolytic condensation reactions of
organosilicon monomers[3] (RSiOH3), where an organic group is covalently attached to
the silicon chain. Moreover (POSS) have the ability to bind metal ions forming metal
substituted silsesquioxanes[4][5][6] and can be used as components during the
synthesis of hybrid materials suitable for catalytic applications such as natural gas
separation[7] or hydrogen catalysis.[8]
POSS attracted significant attention over the past few decades and provided a
versatile platform for innovative research and diverse applications in aerospace,[9]
dentistry,[10][11] protective coatings,[3] microelectronics[12] and catalysis,[13][14] energy
storage, environmental, drug delivery and biomedicine.[4] However, the insertion of
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cage-like units into suitable host systems remains a major challenge in current
materials science and technology.
In most cases, POSS hybrids are usually synthesized by conventional chemical
copolymerization, crosslinking, physical blending[15] or can be used as cores for
dendrimer synthesis.[16] While most of the research refers mainly studies concern
bulk synthesis of polymer nanocomposites[17][18][19][20] and hybrid materials,[21][22]
there are fewer reports using a thin film approach, in particular the LangmuirBlodgett (LB)[23][24][25][26][27][28] or Langmuir Schaefer[25] (LS) methods. Recently, POSS
derivatives have been found to self-assemble as monolayers at the air/water
interface.[29][30] In POSS the OH groups that are attached to the cage are hydrophilic
so they can rest on the subphase, while the R groups are hydrophobic and take up
positions away from the water surface. This amphiphilic properties of POSS allow the
formation of Langmuir thin films.[25] [31]
Synthesis methods like LB and LS permit to form complex structures of desirable
thickness and architecture. Additionally these methods overcome a major problem in
the preparation of POSS hybrids which is the tendency of POSS to segregate and form
aggregates causing inhomogeneity during film formation.[27] Controlling a structure
using LB or LS deposition provides homogeneity as well as better reproducibility of
the hybrid systems and hence warrants a better management of the materials’
properties.[26][29]
This work focuses on using the Langmuir–Schaefer method as a means to control the
structure of thin metal-decorated (Cu2+ or Fe3+) POSS thin films using a simple
surfactant such as arachidic acid (AA). Our aim was to investigate the final structure
of hybrid thin films as well as to prove that using metal ions with different
coordination[32][33][34] one can tailor the architecture of the thin film. In fact, during
the synthesis of the metal substituted silsesquioxanes, the arrangement of copper (II)
chloride trans square planar molecules is governed by weak intermolecular Cu-Cl
interactions. Moreover Cu (II) complexes containing N- and O- donors are very
138
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common and usually in aqueous solutions only four ligands are replaced.[35],[16] On the
other hand, iron in complexes usually exist in octahedral coordination, while during
the formation of Fe-N complexes six nitrogen ligands are present.[32][33][34] These
differences are expected to translate into a different thin film structure.

7.2. Method of preparation
The thin films were fabricated via two synthetic routes illustrated in Scheme 7.1.
Following the first route, initially a AA Langmuir film is transferred to the substrate
(step 1), then a monolayer of metal- decorated (Cu2+ or Fe3+)-POSS is self-assembled
on it by dipping into a solution of the metal-substituted silsesquioxanes (step 2) and
then again a AA monolayer is added by a LS deposition (step 3). Repeating the
sequence to obtain a multilayer structure

Scheme 7.1. Preparation of the Layered Structure of the Hybrid metal-decorated ((Cu2+ or
Fe3+) organic-inorganic cage-like POSS by two modified Langmuir-Schaefer deposition
protocols which differ in the deposition of the arachidic acid on top of the POSS: Synthetic
Route 1 (left panel) proceeds with assembly via Langmuir-Schaefer deposition and Synthetic
Route 2 (right panel) via self-assembly from solution. Both should give rise to the same film
structure as sketched in the lower left corner of each panel.
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one expects an alternation between 2 AA layers assembled tail-to-tail and a metaldecorated (Cu2+ or Fe3+)-POSS monolayer, as sketched in the lower left corner of the
left panel in Scheme 7.1. Following the second synthesis route, steps 1 and 2 are
identical to synthetic route 1 but then an extra layer of AA is deposited by selfassembly (step 3) by dipping into a solution of AA. Also in this case, when repeating
the sequence to obtain a multilayer structure, one expects an alternation between 2
AA layers assembled tail-to-tail and a metal-decorated (Cu2+ or Fe3+)-POSS monolayer,
as sketched in the lower left corner of the right panel in Scheme 7.1. The purpose of
following two different routes was to determine which one leads to better structural
order in the final multilayer LS films.
A series of analysis techniques were employed to investigate the structural properties
of these films and confirm the specific architecture.

7.3. Results and Discussion
7.3.1. Characterization of the deposition of AA- Metal (Cu+2,Fe+3) POSS hybrid films
The van der Waals interactions between the hydrophobic part of POSS and the
hydrophobized

substrate

(surface

of

substrates

was

modified

with

octadecyltrichlorosilane) initiate the film formation.[36][23] Prove of the transfer of AA
comes from Figure 7.1 which displays the time dependence of the total trough area
covered by the monolayer of arachidic acid that can be transferred to the
substrate[37] as well as the surface pressure during the deposition of AA-Cu POSS and
AA-Fe POSS hybrid films following synthetic routes 1 and 2. During each deposition
process the pressure remains stable over time thereby attesting for the stability of
the depositions. Studying further the shape of the trough area and pressure curves, it
is possible to gain information about the amount of material deposited: The air-water
interface is fully covered by a stable monolayer at the beginning. When the substrate
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is dipped into the subphase, one layer is transferred from the trough to the substrate,
giving rise to sharp step on the curve of the trough area versus time and a sharp
downward peak on the curve of the pressure versus time. The transfer ratio is 1 if the
step height on the trough area curve is same as the surface area of substrate; then
the surface is 100 % covered by a monolayer at each dip into the subphase. If transfer
ratio is more than 1, this indicates that more than one layer was transferred; if it is
less than 1 the layer was not entirely transferred. From the curves in Figure 7.1, and
knowing that the substrate surface area is close to 2.5 cm2 it can be seen that the
transfer ratio is larger than 1 (1.5-1.7) throughout the deposition, indicating that the
transfer at each dip cost more AA molecules than expected to cover the whole
substrate area. However, control studies on pure LB and LS deposition of AA have
shown that for identical conditions, the film produced by LS always has a transfer
ration superior to one by ~ 60 %. We attribute this effect to be due to excess material
carried in a droplet that forms at the surface of the substrates when breaking the
meniscus after every dip.

Figure 1. Upper panel: The LS deposition of AA-Cu POSS hybrid films following synthetic
route 1 (a) and synthetic route 2 (b); Lower panel: The LS deposition of AA-Fe POSS hybrid
films following synthetic route 1 (c) and synthetic route 2 (d).
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7.3.2. XRR Patterns of AA-POSS-Metal hybrid films
X-ray reflectance (XRR) is a usefull method for the characterization of thin films
focusing in film properties such as film thickness, periodical fringes, density and
surface roughness.[38] In our case measurements were performed in order to reveal
information about the structure properties of the films depending on the metal that
was used in the silsesquioxane substitution. X-ray reflectivity measurements were
carried out on 20-layer thick hybrid films at ambient conditions. Figures 7.2a and 7.2b
show XRR patterns for films prepared with copper or iron substituted silsesquioxanes
following Synthetic route 1 and 2.
Comparing the XRR results for the two synthetic routes in both cases (Figure 7.2c) it is
obvious that Synthetic route 2 that includes the self-assembly of AA step leads to
more ordered films since the d001 diffraction peak is sharper and well-shaped than
when synthetic route 1 was followed. That means that molecules of AA are better
organized when the second layer of the surfactant is created through contacting the
surface of the AA solution and a self-assembled monolayer (SAM) is formed
spontaneously at the substrate surface.
Additionally, LB films synthesized using copper substituted silsesquioxanes exhibit the
001 diffraction peak at 2.3 degrees, which translates to a d001 value of 37.7 Å. On the
other hand for LS films that were synthesized using iron substituted silsesquioxanes
the diffraction peak appears at much lower angles (1.4 degrees) corresponding to d001
= 68 Å. The length of AA monolayer can vary from 25 to 15 Å depending on the tilt
angle in the film structure.[39]Assuming that the AA layer in both cases is tilted in the
same way, the 30 Å difference in d001 can be explained by the different conformation
of the metal substituted silsesquioxanes layer when using different metals. According
to Szabo et al.,[40] G. Balomenou et al.[21] and Kataoka et al.[41] that studied the
intercalation of silsesquioxanes into layered structures the dimensions of the
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silsesquioxanes are 6.6-7.1 Å, (horizontal orientation) and 11.2-17.6 Å (vertical
orientation) shown in Figure 7.3.
Moreover, while copper usually forms usually planal (four coordinated) complexes,
the metal coordination of iron is octahedral and six ligands can be replaced during
the formation of the metal substituted silsesquioxanes solution. This fact could
explain the increased unit distance since it is highly possible that during the
formation of the iron substituted silsesquioxanes solution a second silsesquioxane is
attached due to the 2 free ligands of iron particle, which is bonded on the
silsesquioxanes Fig 7.3.

Figure 7.2. X-ray reflectivity patterns of 20 layer thick hybrid films of (a) AA-Cu POSS and (b)
AA-Fe POSS deposited following synthetic routes 1 and 2; (c) comparison of the X-ray
reflectivity patterns of 20 layer thick hybrid films of AA-Cu POSS and AA-Fe POSS synthesised
with synthetic route 2.
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Figure 7.3. Possible arrangements of the metal (Cu2+, Fe3+) decorated POSS in the hybrid AAM (Cu2+, Fe3+) POSS films.

After the lift from the metal substituted POSS solution, the outer surface of the layer
is positively charged and hydrophilic. The AA monolayer on the water surface is
terminated by alkyl chains and hence hydrophobic. That allows to hydrophilic POSS
surface interact with the hydrophobic alkyl chains of AA monolayer and give rise to
the X-type structure.[42] However, this type of film is stable only for non-polar
molecules.[43] For this reason, a “flip over” mechanism has been proposed to form the
more stable Y-type structure.[44] [45] [42] In our case, the “flip over” occurs in every step
3 of the cycle, no matter if AA deposition occurs from the LB trough (synthetic route
1) or from the AA solution of ethanol (synthetic route 2).

7.3.3. Probing the surface of AA-Metal POSS hybrid films by XPS
To verify our model, XPS measurements were performed on films prepared following
a different synthetic route, described as synthetic route 3 in Scheme 7.2. The route
was introduced to investigate the nature of the topmost surface of hybrid AA-metal
POSS thin films in order to confirm the attachment of the AA layer. It consists in
producing a hybrid film in 2-step cycles: initially a AA Langmuir film is transferred to
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the substrate (step 1), then a monolayer of metal-decorated (Cu2+ or Fe3+)-POSS is
self-assembled on it by dipping into a solution of the metal-substituted
silsesquioxanes (step 2) and then the cycle is repeated. XPS can be used for
identifying the surface elemental composition of materials. Using a 37o electron takeoff angle, 95 % of the XPS signal comes from a depth of ~ 1.1 nm, the remaining 5%
comes from deeper in the sample.[45][46] Figure 7.4(a) shows XPS spectra of the C1s
(used as reference), N1s, Si2p, and Cu2p core level regions collected from AA-CuPOSS hybrid films and Figure 7.4(b) those of the C1s, N1s, Si2p, and Fe2p core level
regions collected from AA-Fe-POSS hybrid films. From Figure 7.4 (a), it can be clearly
seen that the Cu, N, Si peak intensities change in alternate layers. Layers with odd
number have a larger amount of Cu, N, Si at the topmost surface than layers with
even number. Since Cu, N and Si come from the Cu-decorated POSS layers, this
observation confirms the successful attachment of AA layers. During the deposition,
every layer of AA will be attached to the Cu-decorated POSS layer, inducing the
alternate predominance of C (from the AA surfactant) or of Cu-N-Si (from Cudecorated POSS layer) in topmost surface. From Figure 7.4 (b) It is obvious that the N,
Si peaks vary in the same way as in Figure 7.4(a), while the Fe peak intensity is always
constant with alternate layers. In consideration with the 6-coordinated Fe, we
assume that the silsesquioxanes surrounding iron prevent fluctuation at peak
intensity. As can be seen from Figure 7.3, for AA-Fe-POSS hybrid films, even when the
Fe-decorated POSS layer is on the topmost surface, Fe is still covered by the POSS and
the intensity of Fe peak does not show alternate change. So the attachment of every
AA layer exists also during the deposition of AA-Fe-POSS hybrid films.

145

Fabrication of highly ordered Cu2+/Fe 3+substituted POSS thin films,
a case study of structure influenced by metal coordination

Scheme 7.2. Langmuir-Schaefer method synthetic route 3 (dip one time into the trough in
every cycle).

.
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Figure 7.4. X-ray photoemission spectra of the indicated core level regions of (a) AA-Cu POSS
hybrid films collected after the deposition of layers 7, 8, 9 to 10 and (b) AA- Fe POSS hybrid
films collected after the deposition of layers 11, 12, 13 and 14.

7.4. Perspectives
In order to verify the metal coordination of iron and copper in our systems GrazingIncidence Small-Angle X-ray Scattering (GI-SAXS) and Extended X-ray Absorption Fine
Structure (EXAFS) experiments are ongoing the present time. These sets of
measurements will allow us to have a clear view on the exact metal coordination as
well as the oxidation state of the metals in our hybrid AA – metal POSS films.

7.5. Conclusion
We successfully fabricated multilayer films of well-ordered metal-decorated (Cu2+ and
Fe+3) polyhedral oligomeric silsesquioxanes (POSS) using two modified LangmuirSchaefer deposition protocols which both start with LS deposition of arachidic acid
followed by self-assembly of a monolayer of metal- decorated (Cu2+ or Fe3+)-POSS by
dipping into a solution of the metal-substituted silsesquioxanes but differ in the
deposition of the arachidic acid on top of the POSS: Synthetic Route 1 proceeds with
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assembly via Langmuir-Schaefer deposition and Synthetic Route 2 via self-assembly
from solution. An XPS study revealed the successful attachment of AA layers during
the deposition, leading to a periodically repeated AA-Metal (Cu2+ and Fe+3)-POSS-AA
unit. XRD results showed that the interlayer distance between the units is affected by
the metal coordination of the metal ions. Additionally, it was shown that the hybrid
films deposited following Synthetic route 2 (involving self-assembly process) lead to a
better ordered structures than Synthetic route 1. Future experiments using GISAXS
and EXAFS are expected to prove the metal coordination as well as the oxidation
state in the film systems.
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