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2011 INTERNATIONAL YEAR OF CHEMISTRY

2nd US-Mexico Meeting “Advances in Polymer Science”
and XXIV National Congress of the Mexican Polymer Society
BARCELO MAYA BEACH RESORT
Riviera Maya, Q. Roo, México
December 7-10, 2011

Preface
On behalf of the Organizing Committee, | would like to welcome you to MACROMEX 2011
and XXIV Congress of The Mexican Polymer Society (MPS), which is being held at Riviera
Maya, in Quintana Roo, México.

In 2008, the Polymer Division of the ACS and the Mexican Polymer Society co-organized the
first bi-national US-Mexico Symposium in Polymer Science, MACROMEX 2008, in Los Cabos
Baja California. The event was a success due to the high quality of the scientific program and the
interactions that emerged from the encounter. To celebrate the International Year of Chemistry,
and to continue with fruitful collaborations between the scientific communities of both countries,
a second bi-national symposium was planned to take place in beautiful Riviera Maya, in
Quintana Roo, facing the Caribbean Sea. Additionally, for this second encounter, a group of
renowned invited speakers from Canada will also join us. The goal of the meeting is to exchange
ideas, promote collaboration and discuss new trends of polymer science and technology and their
impact in the North American region. The Congress has been carefully organized to present the
latest developments in North America (United States of America, México and Canada) in the
growing field of polymer science and technology.

In the book of abstracts you will find the text of the papers being presented, as well as symposia
program and schedule. Electronic abstracts and proceedings can be found at our web site
http://www.sociedadpolimerica.mx/. Meeting proceedings are contained in extended abstracts
CD.

The book of abstracts and extended abstracts CD are the product of many people’s efforts, and |
would like to thank all of them on behalf of the MPS. The program would not be possible
without the participation of the symposium organizers and the invited and oral speakers. In
particular, special acknowledgement is given to the symposium organizers Krzysztof
Matyjaszewski, Ken Wynne, Gobet Advincula, César Garcia-Franco, Carmen Scholz, Michael
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Jaffe, Don Paul, Angel Licea-Claverie, Enrique Saldivar, Gabriel Luna, Manuel Aguilar-Vega,
Francisco Medellin, Eduardo Mendizabal, Beatriz Garcia-Gaytan, Robin Hutchinson and
Michael Cunningham. We have scheduled symposia on Precision Polymer Synthesis;
Biomaterials; Self assembly, Nanomaterials and Blends; Advanced Polymer Materials:
Optoelectronics and Membranes; and General Topics on Polymer Science.

Grateful thanks are extended to Lesia Linkous for her help during the organization of this
Congress. In addition, special thanks are due to Dr. Arturo Zizumbo-Lopez (Instituto
Tecnoldgico de Tijuana), who was responsible for the administration of the official Macromex
web page, arranging the book of abstracts and extended abstracts CD and overseeing them along
the path to publication, and to Karla A. Barrera-Rivera (Universidad de Guanajuato), who has
provided a special and invaluable administrative support.

I believe you will enjoy MACROMEX 2011 and XXIV Congress of the Mexican Polymer
Society. This event is part of the International Year of Chemistry. Please join us in the
celebration!

Antonio Martinez-Richa
President — Mexican Polymer Society
2009-2011
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DEVELOPMENT OF FLOW INSTABILITIES DURING EXTRUSION OF
POLYOLEFINS AND FILLED POLYOLEFINS AS AFFECTED BY
PRESSURE-DEPENDENT SLIP AT THE WALL

Moinuddin Malik', Dilhan Kalyon'?, Seher Ozkan® and Hansong Tang*

Chemical Engineering and Material Science Department, Stevens Institute of Technology, Castle Point St.
Hoboken, NJ 07030. mmalik@stevens.edu and dkalyon@stevens.edu.

2Department of Chemistry, Chemical Biology and Biomedical Engineering, Stevens Institute of Technology
3Currently with International Specialty Products, New Jersey. SOzkan@ispcorp.com
4Currently with City University of New York, NY. htang@ccny.cuny.edu

Abstract

For polyolefins and filled polyolefins the pressure dependence of wall slip velocity can be significant, with slip
velocity decreasing with increasing pressure.  Since the flow curves characterized during rheometry are subject to
wall slip, and since such slip is a function of wall shear stress and pressure, new methodologies are necessary for the
characterization of the parameters of pressure-dependent wall slip and shear viscosity. Here an overview of pressure
dependence of wall slip in the development of flow instabilities will be made together with comparisons of
experimental and numerical analysis results for rectangular slit and tubular dies.

Development of flow instabilities

The generation of various flow instabilities that affect the quality of the surface and bulk shape of the
extrudates emerging out of extrusion dies is a serious bottleneck to the production of extruded articles.
Thus, it is very important to understand the causes of such flow instabilities so that they can be minimized
or eliminated so that gains in production rates can be made. One of the major parameters to consider is the
occurrence of wall slip of complex fluids at the channel walls. It was hypothesized that wall slip of
polymers occurs as a function of normal stress/pressure at the wall with wall slip velocities decreasing
with increasing normal stress/pressure [1-4]. We have shown earlier that the changes in the wall slip
condition along the length of an extrusion die can have significant effects on the development of flow
instabilities [5, 6].

In the first study involving pure polymer melts [5] a mathematical model was developed for the time-
dependent circular tube flow of compressible polymeric liquids subject to pressure-dependent slip at the
wall. The mathematical model was applied to a poly (dimethyl siloxane) (PDMS). The parameters of
pressure-dependent wall slip velocity and shear viscosity of the PDMS were determined using
combinations of small-amplitude oscillatory shear, steady torsional and squeeze flows and were employed
in the prediction of the time-dependent circular tube flow behavior of the PDMS. The numerical solutions
suggested that a steady tube flow is generated when the flow boundary condition at the wall is stable, that
is, either a contiguous stick (or weak slip) or a contiguous strong slip condition along the entire length of
the wall. On the other hand, when the flow boundary condition changes from stick (or weak slip) to strong
slip at any location along the length of the wall, undamped periodic oscillations in pressure and mean
velocity were observed. The experimentally characterized and simulated tube flow curves of PDMS were
determined to be similar and the simulation findings for flow stability were in general consistent with the
experimentally observed flow instability behavior of PDMS.
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Figure 1: Comparisons of experiment versus theory for a PDMS melt under capillary flow: Wall shear
stress versus the apparent shear rate for three sets of capillaries with differing diameters:  Diamond-
0.83mm, square-1.5mm, triangle-2.5mm, filled symbols—unstable, open symbols— stable, symbols with
dot inside -- experiment

In a second study involving polymeric suspensions [6] the mathematical model of the time-dependent
circular tube flow of compressible fluids subject to pressure-dependent wall slip [1] was applied to the
tube flow of polymeric suspensions with rigid particles. The model relied on the apparent slip mechanism
for suspension flow (the apparent slip layer is the zone at the wall which consists solely of the binder
phase [7] with the additional caveat that the polymeric binder slips at the wall according to a pressure-
dependent wall slip condition. The numerical simulations of the tube flow of concentrated suspensions
suggested that steady flow is generated when the flow boundary condition at the wall is a contiguous
strong slip condition along the entire length of the tube wall. The findings of the simulations were
consistent with the experimental flow curves and flow instability data collected on suspensions of the poly
(dimethyl siloxane) (PDMS), which itself exhibits wall slip, compounded with rigid and hollow spherical
particles in the 10 to 40% by volume range. Increasing the concentration of rigid particles gave rise to the
expansion of the range of flow rates over which the flow remains stable, as consistent with the
experimental observations.
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Figure 2: Comparisons of the experimental flow curve of PDMS suspension (¢=0.1) with the numerical
simulations: Diamond-D=0.83 mm, square- D=1.5 mm, triangle-D=2.5 mm, filled symbols—points that are
predicted to be unstable, open symbols— points that are predicted to be stable, open symbols with crosses
experimental data; dotted lines represent the lower and upper bounds of apparent shear rates over which
extrudate distortions are experimentally observed.

Having thus established that the pressure dependence of the wall slip boundary condition is of utmost
importance in the development of flow instabilities the gained understanding was further applied to other
complex fluids. In the following applications to the determination of the pressure dependent parameters of
wall slip condition for a concentrated suspension and a gel are demonstrated. The pressure dependence of
the apparent slip layer thickness, 5, is the mechanism that is further considered in this study.

Experimental

Two complex fluids were used. The first was a hydrogel of sodium carboxymethyl cellulose,
NaCMC (Aqualon 7H4F, Hercules) (Fluid 1). An intensive batch mixer (Haake Buchler
Instruments, Inc., Saddle Brooke, NJ), with a mixing volume capacity of 60 ml, was used to mix
the NaCMC with deionized water at a temperature of 25 °C and a speed of 25 rpm for 5 minutes
after reaching steady state. The mixture was sealed into ointment jars, which were kept in a
refrigerator for at least a day at 4 °C in order to let the system completely hydrate. The second was
a concentrated suspension of a curable silicone polymer (30K cSt) incorporated with 94% by
weight of low aspect ratio particles and mixed in a Baker-Perkins 50.8 mm fully-intermeshing co-
rotating twin screw extruder (Fluid I1).

An Instron capillary rheometer was used for the characterization of the shear viscosity and the
wall slip behavior of the gel system. Experiments were carried out at room temperature using
different capillary dies with diameters of 0.03 inch (0.762 mm), 0.0591 inch (1.5 mm) and 0.0984
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inch (2.5 mm). The length over diameter (L/D) ratios of the dies were 20, 40 and 60 for each
diameter and entrance angles of the dies were 45°.

An off line adjustable gap slit die was used in conjunction with the Instron Universal Tester. A
cartridge, which can be independently filled by using a hydraulic mechanism and under vacuum,
was used to compress the samples under 1500 psi to remove the air bubbles from the sample and
obtain a uniform structure. The width of the rectangular slit die was 1.5 in and three different gap
openings (0.7 to 1.5 mm) were used during the experiments under ambient condition (~21°C).
The barrel was filled with about 4 inches height of material. The temperature and pressure
readings of the four transducers, which were equally spaced along (flow direction) the slit, were
monitored and recorded using National Instruments hardware and LabView based program. Every
condition was repeated at least trice and water content of the samples was measured before and
after the experiments and difference was less than 1%.

The parameters of the shear viscosity material functions of the gel and the suspension (Hershel-
Bulkley type viscoplastic constitutive equation for the gel and the suspension and a simple power-
law type shear viscosity expression for the binder of the suspensions).

Type 1. Bulk fluid: my = 3500 Pa.s", n = 0.336, % = 1000 Pa

Type I1. Bulk Fluid: mg = 10424 Pa.s", n = 0.84, % = 4300 Pa
Binder: my = 26.2 Pa.s”, n = 1.0; & = 0.63 um

Results and Discussion

For computational amenability of the governing equations via FEM analysis, the apparent slip
layer thickness, 8, was assumed to be varying along the axis of flow channel, i.e., the main flow
direction, z, concomitant with the decrease of the pressure along the length of the die as a direct
consequence of the pressure dependence of the Navier’s slip coefficient, B(P), [5, 6].

P, )
P+P,
where, « is slip exponent and da is the nominal slip layer thickness at the ambient pressure Pa. P
= P(z) is the bulk pressure of the flow channel transverse to the main flow z-direction:

1
P= K”A p(x, y, z)dxdy
where p=p(X, Y, z) is the fluid pressure and A=A(z) is the cross-sectional sectional area.

5(P) = 6,(

In order to ascertain the accuracy of solutions from the computer code based on the foregoing
analysis and determine the finite element mesh sizes, calculations were carried out for the flow
of the two fluids with apparent slip layer of uniform thickness and compared with the available
analytical solution of capillary flow of viscoplastic fluids subject to apparent slip at the wall [7].
The uniform thickness slip layer solution corresponds to the case of pressure independent (k =
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0.0) slip layer. The numerical solutions matched very closely with those of the analytical
solutions [results not shown]. The numerical simulation and experimental results covered the
capillary flow using different dies with constant diameter but differing length over diameter
ratios and different flow rates for the same capillary die. The comparisons of the numerical
simulation results with the experimental data of Numerical simulations along with the
experimental results are shown in Figs. 3 and 4 for Fluids | and 11, respectively. For the
numerical results, simulations were carried out in the following manner: (1) simulations with the
no-slip condition, from =0, i.e., without the apparent slip layer, (2) simulations of pressure
independent slip using slip exponent k = 0.0, that is, with a binder layer of uniform thickness,
and (3) simulations of pressure dependent slip with a slip exponent «.

As may be seen in Fig. 3 and 4, the experimental results are actually bracketed between the pure
suspension simulations and the pressure independent slip simulations. Through a series of
numerical experiments with a wide range of slip exponent, it was found that for both Type I and
Il suspensions, a slip exponent value of k= 0.4 yields results which agree with experimental data
within 0.1 % differences. Although the two fluids are very different in nature (hydrogel versus a
concentrated suspension) the same value of «, i.e., k=0.4 was able to generate excellent
agreement between the experimental and numerical simulation results for both fluids. The basis
for such universal behavior and the mechanisms of the apparent wall slip behavior of such
complex fluids (although the preliminary considerations suggest that the release of gases appear
to be mainly responsible for the pressure dependence of the apparent slip behavior) need to be
further elucidated.

Pressure drop, AP (MPa)

| =

O Experiment
=#—Simulation with no slip
=d—Simulation with apparent slip: k= 0.0
=—e—Simulation with apparent slip: k= 0.4

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Flow rate, q (cm?3/s)

Experiment versus numerical simulation: Flow of type I fluid
through converging capillary die (D = 0.0591 inch, L/D = 40)

Figure 3: Experiment versus simulation (FEM) with pressure dependent slip condition for
capillary flow of Type I fluid.
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Experiment versus numerical simulation: Flow of type II fluid
through converging capillary die (D = 0.0675 inch, L/D = 35)

Figure 4: Experiment versus simulation (FEM) with pressure dependent slip condition for
capillary flow of Type Il fluid.

Conclusions

The pressure dependence of the wall slip boundary condition is shown to be one of the major
factors affecting the development of flow instabilities that lead to surface and bulk extrudate
irregularities. The determination of the pressure dependent wall slip parameters is a challenge and
could be addressed by the inverse problem solution starting from the pressure drop versus flow
rate relationship of complex fluids in capillary or rectangular slit dies. The comparison of the
experimental and simulated capillary flow behavior was very favorable and suggested that there
could be a universal parameter describing the pressure dependence of apparent slip behavior.
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THE ELASTICITY OF POLYMER MELTS DESCRIBED BY THE FIRST NORMAL
STRESS DIFFERENCE

Garcia-Franco, César

Advanced Characterization Department, Exxon Mobil Chemical Company, Baytown TX
77520-2101, cagf1962@gmail.com

A method is proposed to characterize the elastic behavior of polymer melts, by calculating the first
normal stress difference, N1, over an extended shear rate range which experimental measurements
cannot cover. The method is predicated on the extensional data calculated from the Cogswell’s
abrupt contraction flow analysis of capillary data, [1].

These results are compared with experimental data and results obtained with the Laun’s rule [2] for
obtaining viscometric functions from linear viscoelastic data as well as results calculated using
Johnson-Segalman Constitutive Equation [3 ] and methods proposed for calculating N1 from
viscosity data by A. Khalik, et. al. [4, 5] and Wagner [6]. Agreement is acceptable broadening the
potential for employing N1 as a characterization technique.

References

[1].Cogswell, F.N., Polym. Eng. Sci. 12, 64-73 (1972).

[2].Laun, H.M., J. Rheol. 30, 459-501.(1986)

[3].Johnson, M. W., Segalman, D. J. Non-Newtonian Fluid Mech.. 2, 255-270 (1977)
[4]. Abdel-Khalik, S.I., Hassager, O., Bird, R.B., Polym. Eng. Sci. 14, 859-867 (1974)
[5].Bird, R.B., Hassager, O., Abdel-Khalik, S.I., AIChE Journal, 20:1041-1066 (1974)
[6].Wagner, M.H., Rheol. Acta 16, 43-50 (1977)

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011



MACROMEX 2011 10

MATHEMATICAL MODELING OF OLEFIN POLYMERIZATION WITH MULTIPLE-
SITE-TYPE CATALYSTS

Soares Jodo B.P.™, Al-Saleh, M.%, Alghyamah A.*, and Duever T.A.*

1. Department of Chemical Engineering, University of Waterloo, Waterloo, ON, Canada.
jsoares@uwaterloo.ca.

2. Petroleum Research and Studies Center, Kuwait Institute for Scientific Research, P.O. Box:
24885, Safat 13109, Kuwait.

Despite several recent advances on olefin polymerization catalysis[1], most of the industrial
polyolefin production still relies on the use of heterogeneous Ziegler-Natta and Phillips catalysts.
These catalysts have several types of active sites, each making polymer with different average
properties, which complicates parameter estimation and mathematical modeling of olefin
polymerization with them.

Our group has developed several mathematical models and parameter estimation approaches to deal
with these important commercial catalysts in the past.[2-6] Recently, we developed two new
approaches that combine these techniques into integrated parameter estimation methodologies: 1)
simultaneous deconvolution of the molecular weight and chemical composition distributions,[7] and
2) simultaneous deconvolution of the molecular weight and comonomer sequence length
distributions.[8-9]

In this presentation we will contrast these two approaches and suggest ways they can be used to
better understand multiple-site catalysts. We will also propose ways to improve these techniques in
future investigations.
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CHAIN WALKING COPOLYMERIZATION OF ETHYLENE WITH CYCLOPENTENE
Morgan Shawn, Ye Zhibin, and Subramanian Ramesh”

School of Engineering, Laurentian University, Sudbury, Ontario, CANADA
rsubramanian@laurentian.ca

The discovery of Palladium-diimine catalysts by Brookhart et al. in the mid-1990s [1,2] has
provided unprecented freedom in controlling the chain microstructures of polyolefins. These late
transition metal catalysts have a characteristic chain walking mechanism, and allow one-step
synthesis of polethylenes with controllable chain topology [3-5].

In this study, we carried out copolymerization of ethylene with cyclopentene (as the ring-forming
comonomer) by chain walking mechanism. Copolymers containing five-membered rings on the
polymer backbone at various low contents (up to 7.5 mol%) were synthesized by controlling
cyclopentene feed concentration at different ethylene pressure/temperature combinations (1 atm/15
C, 1atm/25 C, 1 atm/35 C, and 6 atm/25 C) using a Pd-diimine catalyst. The chain microstructure
of the polymers were characterized extensively, and the effect of ring incorporation on polymer
chain topology studied. We found that cyclopentene was incorporated in the copolymers (~ 77%)
mainly in the form of isolated cis-1,3 ring units, along with a small fraction (~ 7%) in the form of
isolated cis-1,2 ring units. Significant linearization of polymer chain topology was achieved with
ring incorporation in each copolymer synthesized at 1 atm. The zero-shear viscosity of the polymer
melts was significantly enhanced with an increase of ring content despite the decreasing polymer
molecular weight. For copolymers synthesized at 6 atm, the effect of ring incorporation on polymer
chain topology was negligible or weaker due to their linear chain topology at this polymerization
condition. The results obtained in this study demonstrate that effective tuning of polyethylene chain
topology from hyperbranched to linear can be conveniently achieved via incorporation of
cyclopentene without changing ethylene pressure or polymerization temperature.

This work is based on a recent publication (S. Morgan, Z. Ye, R. Subramanian, W.-J. Wang, and G.
Ulibarri, Polymer, 51, 597-605 (2010)), and submitted here for the conference.
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POLYETHYLENE FOR SHRINK FILM

Flores, Rodolfo*; Miramontes-Vidal, Luis; and Herndndez, Arturo

Pemex Petroquimica, Gerencia Técnica, Jacarandas 100, Fraccionamiento Rancho Alegre I,
96558 Coatzacoalcos, Veracruz, México

One of the most popular applications of polyethylene is the production of shrink films. This film is
used for packing beverage bottles of different sizes. In most cases, this film is a blend of three types
of polyethylene: low density (LDPE), linear low density (LLDPE) and high density (HDPE).

In order to understand the mechanical, thermal and flow behavior of this kind of films, blends of
LDPE/LLDPE/HDPE were prepared according to a design of experiments for mixtures.
Mechanical, thermal and flow properties were determined for these blends. Using a statictical
analysis, no-lineal correlations were established for the observed results and the composition of the
blend.

Results show that behavior of the blend is strongly affected by the composition of the polyethylene
and the polymer type. Moreover, DSC results showed that all the blends prepared were
heterogeneous. With the obtained results we can predict properties of a given blend.

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011



13
MACROMEX 2011

USE OF THE TRIFUNCTIONAL CYCLIC INITIATOR, DEKTP, AS THE
RADICAL INITIATOR IN THE MODIFICATION OF POLYPROPYLENE
IN THE PRESENCE OF DIFFERENT BRANCHING/CROSSLINKING
CO-AGENTS

G. Morales ™, L. Garcia Salazar! , F. Avalos B?, P. Acufia®

1Polymer Synthesis Department, Centro de Investigacion en Quimica Aplicada, Blvd. Enrique Reyna 140. C.P.
25253, Saltillo México. gmorales@ciga.mx, mlgarcia@posgrado.ciga.mx, pacuna@ciga.mx.
2Polymer Department, Facultad de Ciencias Quimicas, U.A de C., Blvd. V. Carranza s/n, C.P. 25280, Saltillo,
México. favalos@uadec.edu.mx.

Abstract

Homopolypropylene was modified in the molten state using a new cyclic multifunctional peroxide as the initiator, the
Diethyl Ketone Triperoxide (DEKTP), in the presence of different branching/crosslinking co-agents:
Trimethylolpropane Triacrylate (TM), Trimethylolpropane Triacrylate Propoxylate (TMP), Pentaerythritol
Tetraacrylate (PETA) and N'N'-1,3-Phenylene Dimaleimida (FDM). Experiments were carried out in an internal mixer

at 180 °C, using two different concentrations of co-agent/initiator; [0.250/0.025] and [0.50/0.05], molar rate= [co-
agent]/[initiator] constant equal to 10. The modified PP's were evaluated by GPC, FTIR, DSC, WAXD and the
rheological properties were also evaluated. The results showed the presence of branches in the backbone of PP when it
was modified with TM and PETA co-agents.

Introduction

Isotactic Polypropylene (iPP) has become one of the most widely used commercial polymers
because it has many desirable and beneficial physical properties such low density, high melting
point, chemical resistance and excellent elongation at rupture, among others. These special
properties makes iPP useful in different applications such as houseware, pipelines, bags, and it is
widely used in processes that include extrusion and injection molding [1]. However, PP is a linear
polymer, which has relatively low melt strength and exhibits no strain hardening behavior in the
molten state, which is necessary for processes that require High Melt Strength (HMS) as foaming,
cast, blown film, blow molding and thermoforming [2]. One of the most effective approaches to
achieve the HMS is the branching/crosslinking of PP [3-5] through reactions with a combination
of PP-type polyfunctional acrylate monomer and/or maleimide (branching/crosslinking co-agents)
in the presence of a peroxidic initiator that accelerates the reactions of grafting and/or branching
[6]. The initiators more commonly used for branching PP are mono- and difunctional peroxides
[7-9]. Wang et al. [10] prepared branching PP by reactive extrusion using the 2,5-bis(tert-
butylperoxy)-2,5-dimethyl hexane as the initiator and pentaerythritol triacrylate as the
branching/crosslinking co-agent at different concentrations. The results of the analysis of various
techniques showed that at low initiator concentration the chain’s degradation is limited yielding
branched PP free of gel.

On the other hand, multifunctional initiators with a functionality of three or greater, offer some
advantages over mono-and bifunctional initiators during PP modification processes via reactive
extrusion, as they can produce star polymers or products with high branching.

Scorah et al. [11] used the tetrafunctional initiator Luperox JWEB50 during homo- and co-
polymerization of different vinyl monomers where the polymerization rates, molecular properties
and the degree of branching showed the following trends: at low temperature the tetrafunctional
initiator significantly reduced the Mw, while at high temperature and low concentration of
initiator, the Mw increased as a consequence of chain extension reactions and/or branching.
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Due to the advantages obtained through the use of multifunctional initiators, this work is based on
assessing the effect of the multifunctional cyclic initiator Diethyl Ketone Triperoxide (DEKTP)
during the modification reactions of the PP in the presence of four different branching/crosslinking
co-agents in order to obtain branched PP's

Experimental

Materials

The Homopolymer PP supplied by Valtec has a melt-flow index (MFI) of 7.08 g/10 min
measured at 2.16 Kg and 230 °C. The co-agents were obtained from Aldrich. Diethyl Ketone
Triperoxide (DEKTP) was synthesized in a simple and efficient one-step procedure, by the
reaction of the respective ketone with hydrogen peroxide as reported by Cerna et. al.[12].

Melt modification.

For polymer modification reactions, performed with a Brabender plastograph mixer, 42g of PP
was introduced into the mixing chamber at 180 °C and 60 rpm. After 6 min, the
branching/crosslinking co-agent was added. Finally, after 2 min the initiator DEKTP was also
added to the mixing system. The total reaction time was 30 min. Table 1 shows the formulations
used and the nomenclature used.

Table 1: Formulations employed in order to modify the PP, R=[C]/[1]=10.

[DEKTP] [Co-agentes]
%mol % mol

Nomenclature System

Virgin PP (Ziegler-Natta)

PP virgin (Mn= 232 400g/mol)
PP/D PP/ DEKTP 0.050
PP/Trimethylol propane
PPITMP/D propoxilate triacrylate /DEKTP 0.050 0.50
PP/ Trimethylol propane
PPITM/D triacrylate/DEKTP 0.050 0.50
PP/ Pentaerythritol tetraacrylate
PP/PETA/D IDEKTP 0.050 0.50
PP/FDM/D PP/N'-N'-(1,3-Phenylene) 0.050 0.50

dimaliemide/DEKTP

Measurements
Gel content was determined by Soxhlet extraction in boiling xylene for 24 h, and no significant
gel was formed for modified PP’s.

The melt-flow properties of the initial and reacted PP's were measured with an MFI tester
Dynisco, according to the ASTMD 1238 standard.

GPC measurements were performed in a GPC V200 Alliance Waters. The samples were
dissolved in 1,2,3-trichorobenzene and filtered to remove the insoluble fraction.

Thermal behavior of the initial and modified PP's was investigated with a DSC 2920 from TA
Instruments. Specimens were heated to 200 °C at a rate of 10 °C/min to eliminate the thermal
history and then cooled down to 25 °C at a rate of 10 °C/min under N> flow.
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X-ray diffraction experiments were performed on a SIMENS D-5000 X-ray diffractometer set at
35 kV and 25 mA with CuKa radiation.

Results and Discussion

Figure 1 shows the preliminar results of torque analysis of the modified PP’s where the time at
which the co-agent and the initiator were added are indicated by the signals at 6 and 8 min
correspond to the aperture of the mixing chamber by a decrease torque values. The torque curve
remains without significant changes in the case of virgin PP meanwhile in the case of using the
co-agents TM, PETA and FDM, a maximum in the signal can be observed which suggests the
presence of crosslinking reactions. As the presence of gels was not observed, the increase in the
torque curves was associated to an increase in the system’s viscosity as a consequence of the
crosslinking reactions in a similar way to that observed by Zhou et al.[13].

184

—PP

—PPID
7 PRI Table 2: Melt flow index and molecular weights of
—— PPIPETAD) the modified PP ’s.
*1 PP/TMID —— PPIFDMID Y&
N PPIPETAID System (/10 Mw Mn oo,
E PP/FDM/D min) (g/mol) (g/mol)
g 104 PP virgin 7.08 232400 80142 2.89
,%’ PP/D 15.28 206294 49542 4.16

PP/TMP/D  31.33 181489 63236 2.88
PP/TM/D 9.89 289399 71430 4.06

PP/PETA/D  9.74 259115 79959 3.24
PP/FDM/D  14.05 188048 65711 2.86

PPTMP/D MFI=Melt Flow Index

2 . . . , . , PDI=Polydispersity Index

00:00 00:05 00:10

00:15 :
Tiempo (min)

Figure 1: Plastograms of modified PP’s with R=10
(co-agent/initiator) 0.5/0.05

The effect of PP modification on MFI and Mw can be observed from Table 2. The Melt flow
index (MFI) values for the modified PP’s are higher than the virgin PP associated to chain
scission reactions of the PP backbone by the radicals produced by the initiator [13].

In the case of using TMP as the co-agent, the MFI values are the highest ones (and the lowest the
Mw’s) probably due to the 3 propoxilates groups—[O(CHy>)]s in the structure of the co-agent that
produce a better stabilization in the radical produced due to electronic delocalization, decreasing
the reactivity of the sites capable of grafting onto the tertiary carbons of the PP backbone
[14,15].

In the case of the TM co-agent, the Mw increases but the MFI decreases probably as a
consequence of the presence of branched/crosslinked polymer. As the gel content is negligible,
the probable existence of branching polymer modifies the hydrodynamic volume of the
molecule. In comparison with the virgin PP the MFI values are higher; instead the Mw’s are
higher. This behavior can be attributed to the increase in PDI as a consequence of chain scission
and branching, where the species of lower Mn can act as lubricants increasing the MFI [11,13].

When PETA is used as the co-agent, the behavior is similar to that presented by TM, and the PDI
values are lower due to the co-agent tetra-functionality that gives rise to a large crosslinking or
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branching density due to a mayor crosslinking capacity of the co-agent, with a minor proportion
of scission reactions [10,16].

Finally, the PP’s modified with the FDM present the lowest values of Mw related to two possible
situations: the first one associated to the structure of the co-agent, since maleimide co-agents can
stabilized the macroradical product which can react once again with the PP to generate PP-,
increasing the B-scission reaction and decreasing the Mw. The second situation involves the
stabilization of the macroradical by the co-agent followed by intermolecular coupling between
macroradicals and/or PP’s macroradical yielding high branched/crosslinked materials which due
to the decrease in the hydrodynamic volume present an apparent lower Mw [17].

Taking into account the PP’s with better molecular properties (the ones obtained with TM and
PETA), their thermal and crystalline properties were analyzed in order to corroborate the
presence of branching into the PP main chain.

In the case of the thermal properties, the modified PP’s present a slight higher fusion temperature
than the virgin PP (Table 3). With respect to the crystallization temperature (Tc) it is higher in
PP/D probably due to the scission that suffer the PP chains, induced by the DEKTP without co-
agents, that enhance mobility of the molecular chain segments favoring the diffusion and
arrangement of macromolecules in the crystal cell, therefore the crystallization temperature rate
is higher and crystallization temperature increases [18]. On the other hand, in the presence of co-
agents (PP/TM/D and PP/PETA/D), Tc is higher than in virgin PP due to the existence of
branching or crosslinking units which considerable increase the nucleation density of PP and
accelerate the crystallization [19,20].

System Tm (°C)  Tc(°C)
PP 163.71 108.90
PP/D 163.52 112.06
PP/TM/D 165.39 126.38
PP/PETA/D  165.06 124.72

:

0] — PP %Xc=531

1 ——PP/TM/ID =51.9

8000 ——PP/PETAD =518
7000 —
Table 3: Thermal Properties for the virgin 71
and modified PP’s with TM and PETA Feom-

.

:

0

Figure 2: Difractograms of PP’s modified with
R=10 (co-agent/initiator)

Figure 2 shows the difractograms of PP and PP's modified with TM and PETA. The peak at
20=19.7° corresponds to the (117) plane of the y crystalline phase and it is related to the presence
of some structural defects on the PP backbone, so that this peak is only present when the co-
agents were used as a consequence of branched/crosslinked structures [21,22]. The
crosslinking/grafting reactions that take place during PP modification could interrupt the
isotactic sequence of PP, resulting in the formation of the y-phase PP crystals. On the other hand,
the porcentages of crystallinity (%Xc) obtained in the case of PP/TM/D and PP/PETA/D, are
lower than the values for virgin PP due to the presence of these structural defects that prevent the
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order of the molecules [23]. These results are in agreement with the ones obtained from the
molecular and flow properties.

Conclusions

During the modification of PP using the multifunctional cyclic initiator DEKTP and different
crosslinking co-agents, the systems PP/TM/D and PP/PETA/D were the more efficient during the
grafting, scission, branching/crosslinking reactions. The modified PP’s obtained with PETA,
present a minimum degradation (chain scission) due to the tetra-functionality of the co-agent. The
Tc of the modified PP’s using TM and PETA were higher than the ones for virgin PP and PP’s
without co-agents (PP and PP/D), due to the presence of branching onto the main PP backbone. In
the modified PP’s with TM and PETA, the y crystalline form was detected and together with the %
crystallinity values, the presence of structural defects in the PP backbone was evidenced.
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DEVELOPMENT POTENTIAL FOR THE MEXICAN POLYOLEFINS INDUSTRY
POSSIBLE ROLE OF THE FEDERAL GOVERNMENT AND GOVERNMENT OWNED
COMPANIES

Rodriguez Leopoldo S.
Board of Governors of the US-Mexico Foundation for Science, Mexico City, D. F.

The Mexican Petrochemicals Industry was born under a highly protectionist economy which had to
be essentially dismantled in 1986-1987 as a basic requirement to be able to negotiate the North
American Free Trade Agreement (NAFTA) with the US and Canada which was started in 1991.
Most manufacturing plants until 1980 were downsized against international benchmarks, resulting
in an intrinsic competitive disadvantage on economies of scale. This and other competitive
disadvantages were compensated through tariff and non-tariff barriers and from 1978 projects were
also supported by subsidies established as a discount up to 30% on prices of raw materials and
energy provided by Government owned companies (essentially Petroleos Mexicanos - PEMEX).

This artificial competitive structure was questioned and eliminated by the end of 1987. Furthermore,
during the NAFTA negotiation, a separate chapter was considered including specific provisions for
pricing raw materials and other commercial disciplines which should be considered by Government
owned companies in order to prevent the Mexican Government and its Agencies to relapse into
subsidy practices. Parallel to these changes, the NAFTA also redefined the division limits for public
and private activities on Petrochemical related activities; the public or "basic" activities were
reduced to the production of pure molecules typically present in natural gas and its liquids.

A major problem arose as pricing for some of these materials (like ethane) could not be easily
resolved by the standard mechanism of indexing it to representative published prices in relevant
international markets. More than 15 years were elapsed since the coming into force of the NAFTA
in 1994 in order to put in place an alternative commercially based pricing mechanism which would
comply with the NAFTA provisions. Fortunately, this has already happened and this action is
allowing the development on a very significant project for transforming ethane to ethylene and from
there into polyethylenes.

In this presentation we briefly explore alternative scenarios that could follow after this significant
step ahead, including the most important opportunities and restrictions that we could face in their
development.
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PREPARATION OF POLYETHYLENES BEARING A FUNCTIONAL CHAIN END AND
THEIR USE FOR THE DESIGN OF ORIGINAL POLYETHYLENE BASED MATERIALS
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F-69616 Villeurbanne, France. E-mail: boisson@Icpp.cpe.fr, dagosto@Icpp.cpe.fr

The incorporation of functional groups at the end of polyolefin chains offers an opportunity to
prepare polyolefin building blocks. The latter can be used to construct polymer architectures based
on polyolefin with many desirable properties.

Despite their great success, there are some inherent shortfalls in polyolefins materials such as the
lack of reactivity that prevent their wider usage in many areas. Incorporating functional groups into
polyolefins has been the focus of many studies however, the challenge remains to reach chemistries
that are selective and quantitative and that allow the introduction of versatile reactive groups.

For that purpose, the reactivity of carbon-metal bond formed during a catalytic olefin
polymerization process is particularly appealing. The possibility of taking advantage of this
reactivity has been enhanced by the discovery of original features in specific catalytic systems
where the growing polymer chain is rapidly and reversibly transfer between the active centre and a
main group metal.” Main group organometallic compounds used in these systems indeed act as
reversible chain transfer agent (CTA) according to a mechanism of degenerative chain transfer.
Making the most of this particular concept of Coordinative Chain Transfer Polymerization, we
prepared dipolyethylenylmagnesium compounds (PE-Mg-PE) by ethylene polymerization using
(CsMes)2NdCI,LI(OEty), complex in  combination with n-butyloctylmagnesium (BOMg)
according to original works of Pelletier et al.?

We have shown that the nucleophilicity of the carbon moiety in PE-Mg-PE can favor the
introduction of various functions at the end of PE.* As narrowly distributed (PDI<1.2) short alkyl
chains to crystalline PE (up to 5000 g.mol™) can be reached using this catalytic system, we wish to
report here on their use for further modification, reaction with organic and inorganic materials or
incorporation into more complex architectures.
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Abstract

The anionic and Ziegler-Natta polymerization of 1,3-butadiene in cyclohexane with n-BuLi and
NdV/TIBA/DEAC separately as catalytic system in the presence of ionic liquids (LIs) were carry out. The
presence of ionic liquids leads to a decrease in the reaction exothermal and in both cases there is a
decrease in the molecular weight distribution (MWD) using Lls.

Introduction

Today it is widely known that in anionic polymerization, the versatility of alkyl lithium-based
initiator especially n-Butyl Lithium (n-BuLi) yields polybutadiene (PB) with a broad scope of
molecular structure of controlled dimension. On the other hand, the neodymium (Nd)-based
homogenous Ziegler-Natta catalytic system, allows PB with the highest cis-1,4-content [1]. By
means of these catalysts PB with a cis-1,4-content up 98 % can be obtained. A typical tertiary
catalytic system comprises: Neodymium salt/alkylating co-catalyst/chlorinating agent. For
example: neodymium versatate (NdV)/triisobutyl aluminum (TIBA)/diethylaluminum chloride
(DEAC). In both cases anionic and Ziegler-Natta polymerizations using solvents, the kinetic of
polymerization, molecular weight distribution (MWD) and the stereochemistry of 1,3-diene
insertion depends on several parameters like polymerization temperature, type of active species,
monomer concentrations and more particularly the presence of Lewis base and acid additives
for anionic polymerization [2]; or type of Neodymium salt, co-catalyst, chlorinating agent and
preparation of the catalytic system (aged or “in situ’) for Ziegler-Natta systems [3,4,5].

In recent years ionic liquids (LIs) have been extensively investigated for replacing solvents in
clean syntheses for a variety of chemical reactions. In anionic polymerization there are few
reports detailing the synthesis of polymers in the presence of LIs [6,7,8]. In the case of niobium-
based catalysts there is a report on butadiene polymerization using LIs as solvent [9]. For other
kind of monomers a detailed document about the polymerization of methyl methacrylate
(MMA) and St (styrene) using the catalytic system NdV/TIBA is reported by Xion and Shen
[10]. However until our knowledge there are no reports about the use of Lls in anionic or
Ziegler-Natta polymerizations using n-BuLi and NdV respectively as catalysts for butadiene
polymerization.

In this communication we report the anionic and Ziegler-Natta polymerization of 1,3-butadiene
using mixtures of cyclohexane and several LIs s solvent. The results are compared with
polymerizations carry out using only cyclohexane under similar polymerization conditions.

Experimental
Chemicals

All manipulations were carried out in inert atmosphere using dual vacuum argon line and
standard Schlenk techniques. Cyclohexane was distilled from sodium under argon before use,
and was handled and stored under inert atmosphere. Before using, the ionic liquids 1-Butyl-3-
ethylimidazolium hexafluorophosphate [BMIM][PFs], 1-Butyl-3-ethylimidazolium methyl
sulfate [BMIM][MeSO,] and 1-ethyl-3-ethylimidazolium chloride [BMIM][CI] from Aldrich,
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were dried under vacuum. For anionic polymerizations 1.6 M of n-BuLi/hexane solution
(Aldrich) was used as supplied. The chemicals for Ziegler-Natta polymerization, 1.0 M of
TIBA/hexane solution was prepared and 1.0 M of diethyl aluminum chloride (DEAC)/hexane
solution was used as supplied, both from Aldrih. 40 wt %. Neodymium versatate (NdV3)/hexane
solution from RHODIA was used as supplied. Butadiene from Praxair was purified by passing
through activated molecular sieve 4A and alumina.

Polymerization reactions

Polymerizations were carried out in a 1 L stainless steel Parr reactor. Separately cyclohexane
and ionic liquid were introduced in the reactor under argon atmosphere. The 1,3-diene monomer
was added using a 50 mL stainless steel container. The reactor was heated to 60 °C under
agitation. Finally, the catalytic system was fed in the reactor using a syringe (n-BuLi for anionic
polymerizations and NdV3/TIBA/DEAC aged 5 min at room temperature for Ziegler-Natta
polymerizations). All reactions were terminated by adding acidified methanol, the polymer was
precipitated and washed with methanol and filtered in order to separate the ILs. The resulting
polymer was dried under vacuum until constant weight was reached. The polymer was
characterized by gel permeation chromatography (GPC) to obtain their molar mass and the
molecular weight distribution.

Results and discussions

Tables 1 and 2 summarize the conditions and results of the anionic and Ziegler-Natta
polymerizations respectively, using different ionic liquids.

Table 1. Anionic polymerizations of 1,3-butadiene in cyclohexane with n-BuLi as initiator using lonic
Liquids.

21

Run lonic Liquid (mol) Tinitial (°C) AT (°C) M cal M, obs Mw/M,,
A-1 - 62 19 14900 35600 1.29
A-2 [BMIM][MeS0O,4]:0.0120 63 14 14900 25600 1.23
A-3 [BMIM][MeSQO,4]:0.0240 67 18 13600 25300 1.18
A-4 [EMIM][CI]:0.0185 63 15 13750 18000 1.20
A-5 [EMIM][CI]:0.0370 64 15 15500 25400 1.19

Solvent: 1.388 mol; n-BuLi: 0.0016 mol; Monomer: A-1: 0.441 mol; A-2: 0.441 mol; A-3: 0.4030 mol;
A-4: 0.4067 mol; A-5: 0.4584 mol; polymerization time: 120 min. In all polymerization the conversion
reached was 100 %.

Table 2. Ziegler-Natta polymerization of 1,3-butadiene in cyclohexane using lonic Liquid.

Run lonic liquid (mol) Tinitial (°C) AT (°C) M, Mu/M,
ZN-1 - 57 20.1 57400 8.25
ZN-2 [BMIM][PF¢]:0.0194 61 16.3 88000 5.48
ZN-3 [BMIM][PF¢]:0.0291 60.5 18.9 67200 3.91
ZN-4 [BMIM][PF¢]:0.0388 62.7 18.5 112000 3.67

Solvent: 2.77 mol; Catalytic system: NdV3/TIBA/DEAC aged 5 min at room temperature; Monomer: ZN-
1: 0.399 mol; 2: 0.482 mol; ZN-3: 0.447 mol; ZN-4: 0.447 mol; polymerization time: 180 min.

When the Anionic and Ziegler-Natta polymerizations of 1, 3-butadiene was carried out in the
presence of ionic liquid a decrease in the reaction exotherm is presented (see Figs. 1 and 2). The
decrease is more pronounced in the anionic polymerization because the solvent/ionic liquid
solvent ratio is lower. This behavior is attributed to the fact that ionic liquids can be used as
moderators in exothermic polymerization reactions due to its thermal stability [11]: In all cases,
in the anionic polymerization the MWD decrease when the ionic liquid is added to the reaction
medium (see Table 2). These results suggest that the ionic liquid promotes rapid initiation and
prevents an increase in the polydispersity. And they may be acting as scavengers reducing the
amount of killers in the reaction medium.
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In the Ziegler-Natta polymerizations the presence of ionic liquid could promote the production
of more stable and homogeneous active sites giving high molecular weight polymers and
narrower molecular weight distributions. In this case the polymerization of 1,3-butadiene could
proceed with a lower proportion of chain transfer events with ionic liquid presence. In other
words, the performance of the catalytic system is depending on the reaction medium (solvent).
Fig. 2 shows the behavior of the conversion as a function of the reaction time. We can see that
by adding different amounts of ionic liquid to the reaction medium, the conversion achieved is
lower. In this case, the catalytic system may have been deactivated by the attacking of the ionic
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liquid [BMIM][PFs] species.
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Figure 1. Evolution of temperature as a function of time in anionic polymerizations: A-1: 0 mL Lls; A-2:
2.5 mL [BMIM][MeSO,]; A-3: 5 mL [BMIM][MeSO4]; A-4: 25 mL [BMIM][CI]; A-5: 5 mL

[BMIM][CI]
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Figure 2. Evolution of yield as a function of time in Ziegler-Natta polymerizations: ZN-1: 0 mL LIs; ZN-
2: 4 mL [BMIM][PF]; ZN-3: 6 mL [BMIM][ PF¢]; ZN-3: 8 mL [BMIM][ PFg]

Conclusions

The addition of ionic liquid in the Ziegler-Natta polymerizations of 1,3 butadiene, using
catalytic systems based on neodymium, promotes the production of high molecular weights and
decreases the polydispersity. In the anionic polymerization of the same monomer using n-BulLi,
the presence of ionic liquids decreases the polydispersity. In both types of polymerizations the
presence of ionic liquids diminished the reaction exotherms.
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KINETIC MODELING OF THE SPINODAL DECOMPOSITION OF DILUTE
POLYOLEFIN SOLUTIONS

Reimers, Jay
Exxon Mobil Chemicals. U.S.A.

Liquid-liquid separations of polymer solutions are of interest in a number of industrial applications.
Among these are the temperature and pressure induced phase separations utilized in polyolefin
membrane processes and in polymer concentrators used in solution polymerization processes. In
both of these examples, the Kinetics of spinodal decomposition are as important as the phase
equilibria. The evolution of droplet size, the time to phase inversion, or the equilibrium phase
volumes are in many ways the controlling aspects of these processes. To capture the kinetics of
these phase separations a first-principles model has been developed which describes the mass
transfer during spinodal decomposition under a thermodynamic driving force. The model
development and validation with literature data is presented.
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Abstract

In this study, high density polyethylene-agave fibre composites were foamed using a chemical foaming agent
(azodicarbonamide). The samples were produced by injection molding with the objective to produce symmetric and
asymmetric structures. To this end, the temperatures of both parts of the mold were independently controlled. From
the samples produced, density measurements were performed. As expected, the density of the composites increased
with fibre content and decreased with foaming agent content. For mechanical properties characterization, tensile tests
were carried out on foamed and unfoamed composites. Young’s modulus increased with agave content, but strain at
break decreased with increasing agave content. Moreover, Young’s modulus and strain at break decreased with
increasing foaming agent content. Actually, the microcellular foams were found to have a different tensile behavior
than their natural fiber-reinforced microcellular foam counterparts, especially in terms of break-up. Considering the
experimental results obtained, natural fiber-reinforced microcellular foams present interesting properties for different
technical applications.

Introduction

Polymer-natural fibre composites are a relatively new group of environmental friendly materials.
Natural fibre reinforced plastics offer several advantages over neat polymers in terms of cost and
mechanical properties. This kind of composite is extensively applied for interior and exterior
furniture, material handling, packaging, building applications and in the automobile industry. In
our group, recent studies highlighted the morphology and mechanical properties of wood fibre-
reinforced microcellular foams [1-3]. However, the properties of these materials have not been
fully explored and described especially with respect to natural fibre-reinforced microcellular
foams with different composite structures.

Experimental

Material

The polymer matrix was high-density polyethylene (HDPE) grade 60120 supplied by Pemex
(Mexico) with a melting temperature of 124°C, a melt index of 12 g/10 min and a density of 962
kg/m*. The natural fibre was Agave Tequilana Weber var. Azul supplied by a local tequila
refinery. As a first step, no coupling agent was used in this study. The chemical blowing agent
(CBA) used for foaming was a modified grade of azodicarbonamide from Sigma Aldrich (St-
Louis, MO, USA) as a yellow-orange powder. Its decomposition temperature is about 170°C
producing 220 cm® of gas per gram of CBA.
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Sample production

First, to eliminate the extractives in the agave fibres, they were washed three times with water at
room temperature. Then, the fibres were dried and milled in a Pulvek Plastic Siemens mill in
which a range of particle sizes were obtained. Finally, in a ROTAP automatic siever, particle
sizes of 255 um with a L/D ratio of 1.75 were obtained.

Second, the agave fibres were dried at 80°C overnight in order to minimize the amount of
volatiles (water). Then, compounding the polymer and agave fibres was done for fibre
concentrations of 0, 5, 10 and 20% weight in a twin-screw extruder (Leistritz model Micro
27 GL/GG 32D). The extruder has 27 mm diameter co-rotating screws and the temperature
profile was set between 160 and 180°C from the feeder to three circular dies (2 mm in diameter
each) with a constant screw speed of 80 rpm. Then, the extruded compound was pelletized and
dried at 80°C overnight.

Finally, the compounds were injection molded in a Nissei Press (ES-1000) using a rectangular
mold of 80 x 40 x 2.5 mm°. To obtain foamed composites 1% of CBA was blended with the
compounds. Different temperatures were applied to both parts of the mold. For symmetric
structures (same temperature on both sides), six temperatures were chosen in the range of 30-
80°C, with steps of 10°C. For asymmetric structures, the fix part of the mold was kept at 30°C,
while the moving part was controlled in the range 30-80°C, with steps of 10°C.

Density

Sample density was measured using a gas (nitrogen) pycnometer model Ultrapyc 1200e
(Quantachrome Instruments, Boynton Beach, Florida, USA). The values reported are the average
of at least five measurements.

Tensile properties

Determination of the tensile properties like Young’s modulus (E) and elongation at break (ep),
was performed on an Instron universal tester model 5565 (Instron, Norwood, Massachusetts,
USA) with a 500 N load cell. Dog bone samples were cut directly in the molded plates according
to ASTM D638 (type V). Because of the inherent fragility of these composites under tensile
stress, the measurements were performed at a low speed of 2 mm/min and room temperature. The
values reported are the average of at least five measurements.

Results and Discussion

Density

Figure 1 shows the density of symmetric and asymmetric composites. According to HDPE and
agave fibres individual densities, the unfoamed composites’ density increases linearly as fibre
concentration increases. Foamed composites produced with 1% CBA were also molded so as to
insure that they have uniform densities in order to compare the effect of cellular morphology on
sample properties. In fact, all samples were molded in such a way as to maintain comparable
polymer fractions. Since wood cannot be foamed, increasing the amount of wood in the sample
will necessarily decrease the overall void fraction. As shown in Figure 1, decreasing void fraction
with increasing wood content was therefore unavoidable [1]. The void fraction is represented by
the difference between the unfoamed composites and foamed composites densities. Similar
results were obtained for all the temperature couples applied on the mold. With symmetric mold
temperature (30°C), the void fraction decreases from 27% to 4% when fibre content increased
from 0% to 20%.
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However, the analysis of void fraction represents the sum of the gas cells (bubbles) part and the
voids created at the fibre-matrix interface due to bad adhesion. In fact, all samples were molded
without coupling agent addition. Therefore increasing fibre content in the sample increases the
total fibre-matrix interface where voids can accumulate.
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Figure 1: Molded part density for a) symmetric and b) asymmetric composites and foams.

Tensile properties

Young’s modulus is presented and compared in Figures 2 and 3. The presence of void in the
material increases brittleness. In accordance with a previous study [2], tensile modulus of the neat
polymer foamed samples is lower than those of unfoamed samples since less material is available
to sustain the applied stress [4]. The presence of void in the material increases the brittleness.
However, this effect is almost inexistent when the amount of fibre increases in the material. For
this reason, the difference in Young’s modulus between the unfoamed and foamed composites
molded with symmetric temperature (30°C) decreases from 31% to 6% when fibre content
increase from 0% to 5%. Similar to previous studies with hemp/polypropylene (PP) composites
[5], Young’s modulus increased by 33% and 80% with increasing agave content from 0% to 20%
for unfoamed and foamed composites, respectively. Figures 2 and 3 also show that the modulus
did not varied substantially with changes in mold temperature.

Elongation at break (complete failure) was also studied and is reported in Figures 4 and 5 where
low values are associated with fragile samples. First, the elongation at break highly decreases
with the addition of CBA and fibres. For example, increasing CBA from 0% to 1% decreases the
elongation at break by 86% and 25%, respectively with respect to the neat polymer and unfoamed
composite at 20% agave content, and so independently of the symmetric or asymmetric mold
temperature applied. Furthermore, according to Gosselin et al. [2], Figures 4 and 5 show that
elongation at break is the only mechanical property to vary significantly with mold temperature:
elongation at break decreases with increasing mold temperature. For example, when increasing
the mold temperature from 30°C to 80°C (symmetric mold temperature), the elongation at break
decreases by 65% for foamed composites, while increasing the mold temperature difference from
0°C to 50°C (asymmetric mold temperature difference), elongation at break decreases by 35% for
foamed composites. According to Thomas et al. [6], plastic deformation is governed by the
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amorphous phase in semi-crystalline polymers. As previously mentioned, higher mold

temperatures can induce higher crystallinity levels which are associated with fragile behaviors

[2]. Further investigation would be needed to confirm this assumption.
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Figure 5: Elongation at break of a) unfoamed and b) foamed composites molded with asymmetric
temperatures.

Conclusion

In this study, foamed and unfoamed natural fibre composites based on HDPE and agave fibres
were molded by injection. The effect of agave fibres, blowing agent and mold temperature were
investigated to determine the effect of processing conditions and composition on the final
morphology (density) and tensile properties. Density analysis shows that the void fraction was
relatively unaffected by mold temperature. Analysis of the tensile properties shows that Young’s
modulus increased with fibre content, decreased with CBA addition, but was mostly unaffected
by mold temperature. Moreover, the elongation at break decreased significantly with CBA and
fibre contents. Finally, mold temperature, in the range of parameters studied, was found to have a
relatively small effect on the elongation at break. For future work, the analysis of the cell
morphology (size and distribution) and skin thickness are in progress to evaluate the relative
amount of void produced by the gas bubbles (foam cells) and the voids present at the fibre-matrix
interface. Also, other mechanical properties will be investigated (flexion, torsion, impact).
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Abstract

This report deals with the production and characterization of poly(styrene-b-[(butadiene),-x-(ethylene-co-butylene)y]-
b), SBEB, which was produced by homogeneous catalytic hydrogenation of commercial polymer: Solprene 1205
poly(styrene-b-butadiene-b), SB. Two different catalysts were used, one prepared with nickel (I1) bis-acetylacetonate

and the other one with bis (ns-cyclopentadienyl)-titanium(1V) dichloride, both having n-butyllithium as co-catalyst.
Characterization of neat and hydrogenated polymers was accomplished by gel permeation chromatography, proton
nuclear magnetic resonance spectroscopy, and differential scanning calorimetry. Results indicate that Ti/Li catalyst is
more active, since similar hydrogenation level is reach with smaller amount of catalyst; and with both Ni/Li and Ti/Li
catalyst the saturation rate of 1,2-vynil is higher than those of 1,4-trans and 1,4-cis polybutadiene units. In regard to
the polymer’s properties, results indicate that increasing the saturation of the butadiene isomers result in an increase of
the mechanical resistance of the polymer and that hydrogenated polymers with a saturation degree higher than 30%
exhibit crystallinity.

Introduccion

Los polimeros de dienos conjugados y vinilaromaticos se utilizan ampliamente en la industria
como elastomeros [1-3]. Estos polimeros contienen dobles enlaces en su cadena cuya presencia
ocasiona una estabilidad térmica limitada y una pobre resistencia al oxigeno y ozono atmosféricos.
Por ello, el uso de estos polimeros en aplicaciones que exigen su exposicion al medio ambiente es
limitado.

Esta deficiencia en resistencia puede ser mejorada notablemente mediante la hidrogenacion total o
parcial de los dobles enlaces presentes en estos polimeros. Se han propuesto numerosos métodos
para lograrlo, tanto cataliticos (homogéneos y heterogéneos) como no cataliticos.

Se han reportado estudios sobre la hidrogenacién no catalitica de polimeros [4,5] que indican que
es posible obtener un considerable grado de saturacion; sin embargo también ocurren reacciones
indeseables de degradacién y ciclizacion, dando como resultado materiales con propiedades fisicas
y mecanicas inferiores.

Los catalizadores heterogéneos generalmente poseen una actividad mas baja que los catalizadores
homogéneos, por lo que la hidrogenacion debe llevarse a cabo a elevada temperatura y alta
presion, lo que puede producir que el polimero sufra degradacién o gelacion, ademas de que se
requieren grandes cantidades de catalizador y el proceso puede presentar problemas de
transferencia de masa y calor.

Los catalizadores homogéneos generalmente trabajan bien a temperaturas y presiones moderadas,
y la cantidad de catalizador necesaria para lograr una hidrogenacion efectiva es menor. Sin
embargo, la eliminacion de los restos cataliticos de los productos de reaccion, que es necesaria
porque estos restos afectan desfavorablemente a la estabilidad de los polimeros hidrogenados, es
una etapa complicada y costosa.

Este trabajo reporta la hidrogenacion de un copolimero estireno-butadieno mediante el uso de dos
catalizadores homogéneos diferentes, uno preparado con bis-acetilacetonato de niquel (I1)/n-
butillitio y el otro con bis-(ns-ciclopentadienil)-titanio (1V)/n-butillitio.

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011


mailto:shugox@yahoo.com.mx

31
MACROMEX 2011

Experimental

Materiales

El polimero comercial (Solprene 1205), ciclohexano y n-butillitio fueron donaciones de Dynasol
Elastomeros de México; bis-acetilacetonato de niquel (I1), bis-(ns-ciclopentadienil)-titanio (1V),
tolueno, and tetrahidrofurano fueron adquiridos de Sigma-Aldrich.

Preparacion del catalizador

Catalizador Ni/Li

Se pesa la cantidad deseada de bis-acetilacetonato de niquel (1) bajo atmédsfera de nitrégeno,
después se disuelve en tetrahidrofurano previamente purificado, posteriormente se agrego
lentamente n-butillitio hasta alcanzar la relacion molar deseada de Ni/Li; inicialmente la solucion
presentaba un color verde claro y conforme el cocatalizador fue agregado la solucion cambié a un
color café obscuro.

Catalizador Ti/Li

Basicamente los dos catalizadores se preparan de la misma forma con la diferencia de que el
titanoceno se disuelve en tolueno purificado; esta solucion presenta un color rojo que cambia a
café obscuro cuando se le agrega n-butillitio.

Hidrogenacién

La hidrogenacion se llevd a cabo en un reactor de vidrio de 1 litro. El proceso para la
hidrogenacién del polimero consiste en tres pasos consecutivos: primero se disuelve el polimero
en ciclohexano purificado, se agita y calienta hasta alcanzar la temperatura deseada (70°C);
posteriormente se eliminan las impurezas que desactivan al catalizador mediante una titulacion
colorimétrica [6]; finalmente se inyecta al reactor la cantidad deseada de catalizador el cual es
preparado justo antes de ser adicionado y se presuriza con hidrogeno a 40 psi, manteniéndose
constante esta presion a lo largo de la hidrogenacion. Se toman muestras a diferentes tiempos de
reaccion, se desactivan, precipitan con etanol y se secan a vacio para su posterior caracterizacion.

Caracterizacién

El peso molecular de los polimeros fue determinado por cromatografia de permeacion en gel
(GPC). La microestructura del polimero fue determinada por resonancia magnética de protén (*H-
RMN). La temperatura de transicion vitrea (Tg) fue medida en un calorimetro diferencial de
barrido (DSC).

Resultados y Discusion

En la Tabla 1 se presentan las caracteristicas moleculares del polimero Solprene 1205, el cual fue
hidrogenado con alguno de los dos catalizadores Ni/Li o Ti/Li bajo condiciones similares
resumidas en la Tabla 2. Las condiciones de hidrogenacion para ambos sistemas cataliticos, Ni/Li
y Ti/Li fueron tomadas de estudios previos [7, 8] y [9] respectivamente.
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Tabla 1. Propiedades del SB (Solprene 1205) usado en la preparacion del SBEB.

Propiedad SB
Arquitectura de la cadena lineal
Composicion (% peso estireno)? 25
Peso molecular (g/mol)° 90,000
Polidispersidad 1.02
Composicion isomérica del polibutadieno®

(% 1,2-vinil) 9

(% 1,4-trans y -cis) 91
Temperatura de transicion vitrea, Tg (°C)° -86
Cristalinidad (%)° amorfo

*Estimado de datos de "H-RMN de acuerdo a Sardelis, et al.[10]; °Medido por GPC usando estandares de poliestireno;
“Determinado del analisis de DSC.

Tabla 2. Condiciones de reaccién para ambos sistemas cataliticos

Metal/polimero Li/metal

(mmol /100 g polimero) (mol/mol) Temperatura Presion

Ni 2.5 3 70 40
Ti 0.5 4 70 45

El polimero precursor, Solprene 1205, fue hidrogenado mediante cada catalizador, Ni/Li o Ti/Li,
muestras de ellos tomadas a diferentes tiempos fueron analizadas para estudiar la evolucion del
proceso de hidrogenacion. Los resultados se muestran en la Figura 1, en la cual el porcentaje de
saturacion global, la saturacion de los tres isémeros del butadieno (calculada de *H-RMN), estan
presentados como una funcion del tiempo.

100 - Figura 1. I_—Iidrogenacién (_Jle Solprene

90 - 1205 mediante los catalizadores de

T g ’f‘ * 4 Ni/Li y Ti/Li. Ti/pol=0.5g/100g pol,
201 ® Ni/pol=2.5g/100g pol.

5 60 | W

8 50 - Estos resultados indican que la

240 m composicion de estos dos sistemas

2 30 - @ 1205Ti cataliticos presenta similares

; 20 ™ M 1205Ni capacidades para saturar los isomeros

10 del polibutadieno, ya que los perfiles

0. ' - - de saturacion (como una funcion del

0 50 100 150 | tiempo de reaccion) son semejantes

t (min) para ambos polimeros; en

aproximadamente 60 minutos se obtiene una saturacién de entre 80-90%. Sin embargo, la
cantidad del catalizador de Ti/Li usado en esta reaccion fue mas pequefia que la del catalizador
de Ni/Li por lo que podemos considerar que el catalizador de Ti/Li tiene una capacidad mas alta
para saturar los dobles enlaces del bloque de butadieno.
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Figura 2. Hidrogenacion de Solprene 1205 con Ni/Li (izquierda) and Ti/Li (derecha). El
porcentaje de saturacion de los isdmeros 1,2-vinil y 1,4-trans del polibutadieno fueron calculados
del analisis de FTIR como funcion del tiempo de reaccion (t, min).

Estos resultados confirman que en el inicio del proceso (t<20 min.) la rapidez de saturacion de
las unidades 1,2-vinil es mas alta que la de las unidades 1,4-tras, indicando que la
estereoselectividad de las unidades 1,2-vinil es superior. Después de alrededor de una hora el
90% de las unidades 1,2-vinil han sido saturadas en comparacién con el 70% de las unidades 1,4-
trans.

Tabla 3. Caracteristicas del poli(estireno-b[(butadieno);«-(etileno-co-butileno),]-b), SBEB,
producido por la hidrogenacion de Solprene 1205.

Muestra Mn PD 1,2-Vinil 14-Trans Tg Cristalinidad DSC
(g/gmol) (Mn/Mw) (%) (%) pB-b %

1205 90,000 1.02 - - -86 -

1205H 84 15 -16 7.6

1205HH 93,000 1.03 92 66 21 14.8

Estos resultados revelan que la saturacion parcial del pB-b produce un incremento en la
temperatura de transicion vitrea de la parte elastomérica del polimero, ademas de que el Solprene
1205 (SB) es amorfo mientras que el SBEB con un relativamente alto porcentaje de saturacion
de los isdmeros del pB-b (>20%) es parcialmente cristalino.

De los resultados de GPC vemos que la hidrogenacion provoca un ligero aumento en el peso
molecular promedio que es atribuido a la adicion de hidrogeno al polimero y dado que la
polidispersidad presenta cambios marginales, es posible aseverar que la hidrogenacion no
produce ruptura de las cadenas o entrecruzamiento de las mismas.

Conclusiones

Los dos sistemas cataliticos presentan capacidades similares para la saturacion de los isomeros del
polibutadieno; sin embargo, debido a que la cantidad de catalizador de Ti/Li fue menor que la de
catalizador de Ni/Li se considera que el catalizador de Ti/Li tiene una mayor capacidad para
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saturar los dobles enlaces carbono-carbono del pB-b.

Se confirmé que la rapidez de saturacion de las unidades 1,2-vinil es mayor que la de las unidades
1,4-trans del polibutadieno.

En general, el analisis de GPC de los polimeros precursores asi como el de los polimeros
hidrogenados revela que para las condiciones experimentales utilizadas (composicion del
catalizador, temperatura y presién) el proceso de hidrogenacion con ambos catalizadores (Ni/Li y
Ti/Li) no afecta la distribucién de pesos moleculares del polimero.

Los resultados de DSC indican que el Solprene 1205 (SB) es amorfo mientras que los SBEB con
un relativamente alto porcentaje de saturacion de los isomeros del pB-b (>20%) son parcialmente
cristalinos; asi como la temperatura de transicion vitrea de la parte elastomérica del polimero
aumenta conforme la saturacién de los isémeros del polibutadieno es mayor y por lo tanto la
resistencia termo-mecanica del polimero es mejor.
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DISTRIBUTED POLYMERIC SENSOR WITH FIBER OPTIC FOR OIL
CRUDE LEAK DETECTION.

Orozco Miguel' y Marquez Alfredo*

1. Departamento de Integridad y Disefio de materiales compuestos; Centro de Investigacion en Materiales
Avanzados S. C.; Chihuahua, Chihuahua, México; miguel.orozco@cimav.edu.mx; alfredo.marquez@cimav.edu.mx

Abstract

To take advance of the properties of the cracking catalyst in the distributed hydrocarbons sensor
surface for detect and locate leaks of light hydrocarbons, gives a new sensor that can response to
the oil crude, increase the applications to the original sensor. Being that the most of the detection
and locate systems of hydrocarbons leaks don’t are focused to the high viscosity liquids neither to
the dirty fluids due the oil crude have many compounds, resulting an area of opportunity.

Introduction

For several years, CIMAV and other international institutions has been designed distributed
sensors based on micro bends produced in a fiber optic within a polymer cable (1, 2). These micro
curves are generated by the expansion of the cable while the presence of a hydrocarbon, from the
absorption of a leaky pipe or tubing. The sensor geometry is such that this expansion produces
several local micro fiber curves as described in reference (1), which allows detect and locate the
leak. However, the modus operandi of these distributed sensors for hydrocarbons, either optical or
electrical, its application to crude oil is difficult due to two aspects, the high viscosity, which
hinders their absorption by the polymer wire, and the variety of chemicals of the crude oil. This
provides a great challenge for developing distributed sensors to provide security for storage and
transportation of crude oil, this research provides an alternative to this problem.

Experimental

The used sensor is made by a hydrocarbon absorbent polymer, and an optical fiber setting in an
eccentrically position. Also the sensor has a helical copper wire that fix a nylon strip in the bottom
of the sensor; that nylon strip gives to this sensor mechanical reinforcement, and also makes that
the force of the swelling goes up, affecting the curvature of the optical fiber while the sensor is in
contact with the hydrocarbon.

We added a cracking hydrocarbure catalyze in the surface of the sensor (Co & Mo), so when it
enter In contact with the oil crude, it tends to hold the heavy hydrocarbures, cracking a portion of
them and disperse them in the surface of the absorbent polymer to make the swelling effect.

Develop of the sensor

The active part of the sensor is a absorbent polymer based in polybutadiene whit processing
additives, like stearic acid, calcium stearate, naftenic oil, dicumil peroxide as cross linking reagent
and black carbon as colorant, this compounds was mixed in a plasticorder Brabender and the
resulting material was given shape in a extruder whit a round die of 5 mm of diameter.
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With the filament obtained from the extrusion process, this one have a cross linking process in a
circular oven at 175°C in two parts of 3.6 minutes, where the middle of two steps are used to cover
the sensor surface with the catalyst dust, this steep in the process it’s for utilize the adherent
surface of the sensor at 175°C and before the cross linking finish; With the filament cross likened
and the catalyst added, makes a longitudinal spline whit a circular tool, whit a abrasive cut disk,
this spline contains the optical fiber kind GIG625 multimodal, holding by helicoidally winding of
metallic wire and this one hold a Nylon band in the button of the sensor and works as mechanic
reinforcement and this is the oil crude sensor test section, every parts of the sensor are shown in
the figure 1.

Figure 1.- Schematic of the sensor

To simulate the crude leak, an infrared laser and a photodetector were installed in the laboratory
both using the same wavelength (920nm), this was connected to a 20 meter optic fiber in a closed
circuit, whose center was the sensor itself (Fig 2), the system was monitored for 5 minutes without
any contact with any hydrocarbon, and this way a baseline of power could be obtained,
subsequently the section with the sensor installed was set in contact with crude oil ("Litoral™ type)
(Fig 3) while still monitoring the system for power changes, the absorbent polymer caused folds in
the optic fiber, this generating deacrese of power.
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Figure 2.- Laboratory probe schematic

Results and Discussions

Now the graphs obtained as the sensor response are shown (Fig 3), comparing them with another
sensor with the same configuration but without using a catalyst.

035

Sin Catalizador
Con Catalizador

Atenuacion [dB]

1 1 1 1
0 &0 100 150 200 280
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Figure 3.- Sensors response in the laboratory test

In the obtained results, the augment of sensitivity when using a catalyst in the sensor is
noticeable, because both the signal and speed of response are increased, using the catalyst we
obtained a maximum drop of 0.3 dB and without it a 0.15 dB was obtained, speaking of speed of
response the sensor with a catalyst responds without noise level at 10 seconds, although the

sensor without a catalyst responds without noise level at 60 seconds, which is a really significant
difference.
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Conclusions

The sensor developed is capable of detecting crude leaks, as a solution for crude leak detection
where the crude high viscosity and the big amount of chemicals it contains made it very difficult
to sense and detect a leak, so based on time domain reflectometry techniques using an OTDR,
developing systems for crude leak detection and localization in tens of kilometers long is
achievable.
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ANALYSIS OF THE EXTRUSION OF LOW-DENSITY POLYETHYLENE BY USING
VELOCIMETRY
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Nacional, México D. F., México. jpg@esfm.ipn.mx
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The knowledge of the flow kinematics of polymer melts is relevant for their processing as well as
for the design of molds and dies. However, the analysis of the flow behavior of polymer melts
during extrusion has been typically performed by using rheometrical measurements and numerical
simulation. Recently, Rodriguez-Gonzalez et al. [1, 2] have introduced the use of two dimensional
particle image velocimetry (PIV) to study the flow kinematics of polyethylenes in capillaries. In this
work, a description of the kinematics of a low-density polyethylene flowing under continuous
extrusion through a transparent capillary die was performed by using the PIV technique coupled
with rheometrical measurements. The velocity maps for the polymer melt exhibited fully developed
flow, meanwhile the flow rate data obtained from the velocity profiles agreed very well with the
rheometrical ones. The maximum difference in the volumetric flow rates by using the two methods
was 6.5%, which shows the reliability of the PIV technique to describe the flow behavior of the
polymer melt. The true flow and viscosity curves for the polymer melt were obtained from the
measured wall shear stress and velocity profiles in a wider shear rate range than the accessible by
the capillary measurements, including the transition between the Newtonian and power-law regions.
This allowed the viscosity data to be very well fitted by a Carreau constitutive equation.
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FUNCTIONAL POLYETHYLENES INVOLVED IN EFFICIENT COUPLING
REACTIONS

Edgar Espinosa, Franck D'Agosto, Christophe Boisson

Université de Lyon 1, CPE Lyon, CNRS UMR 5265 Laboratoire de Chimie Catalyse Polyméres et
Procédés (C2P2), LCPP. Bat 308F, 43 Bd du 11 Novembre 1918, 69616 (France)

The polyethylene (PE) synthesized in this work is obtained by polymerization of ethylene via
coordinative chain transfer polymerization (CCTP) using (CsMes),NdCI,Li(OEt;), metallocene
precursor in combination with MgR, followed by efficient functionalization reactions.! The Nd
complex catalyzed polyethylene chain growth on magnesium to provide dipolyethylenyl
magnesium (MgPE-). MgPE; is further reacted in the same reactor with I, to generate an iodo end-
functionalized polyethylene (PE-1) in high yield (>95%). PE-I is then modified to introduce reactive
groups that can be involved in efficient coupling reactions.

After a nucleophilic substitution with NaN3, a polyethylene with an azide end-group (PE-N3) is
formed and used as a building block? in a variety of 1,3-dipolar azyde-alkyne Huisgen cycloaddition
reactions.® Cyclopentadienyl terminated polyethylene (PE-Cp) was prepared by the reaction
between Cp2Ni and PE-lI. PE-Cp was further used to produce block copolymers via hetero
Diels-Alder cycloaddition.”
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Scheme 1

The corresponding syntheses and the characterizations of a range of new materials based on PE
segments (Scheme 1) will be presented in this paper.
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EFFECT OF ATMOSPHERIC ETHYLENE-PLASMA TREATMENT ON THE
PHYSICOCHEMICAL SURFACE PROPERTIES OF HENEQUEN FIBERSAND ITS
INTERFACIAL PROPERTIESWITH HDPE
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A number of surface modification methods have been used on lignocellulosic fibres in the past in
order to modify their surface properties, treatments, acetylation, coupling agents, polymer grafting,
mercerization, etc.. A more environmentally friendly alternative is the use of plasma technologies.
Atmospheric pressure plasma is a ionized gas containing a mixture of ions, electrons, neutral and
excited molecules and photons. Depending on the type and nature of the feed gases used, a variety
of surface modifications can be achieved, including an increase or decrease of the surface energy,
surface cross-linking and the introduction of reactive free groups. The ethylene-plasma treatment
duration, magnitude of frecuency and the carrier gas flow over the surface and mechanical
properties of henequen fibers, native and mercerized, were studied.

The henequén physicochemical surface properties were characterized by means of XPS, FTIR and
SEM. The interfacial shear strength between henequén fibers and High Density Polyethylene was
characterized using the pullout micromechanical technique.

The results show that the ethylene-plasma treatments modify both the surface and interfacial
properties of the henequen fibers. Moreover, it was found that those changes were more evident for
the mercerized henequen fibers than the native ones.
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for natural fibre composites. Journal of Applied Polymer Science, 59, 1329-36, 1996
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EFFECT OF FIBER TREATMENT ON CRYSTALLIZATION OF POLYPROPYLENE IN
SUGAR CANE-BAGASSE-PP COMPOSITES. AMODULATED DSC STUDY

Zizumbo L6pez Arturo *, Cortez Lemus Norma A., Licea-Claverie Angel.

Centro de Graduados e Investigacion en Quimica, Instituto Tecnoldgico de Tijuana.
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The natural cellulosic fibers as sugar cane bagasse are composed mainly by cellulose, hemicellulose
and lignin, which impart them a more hydrophilic character [1]. This property affects the
preparation of composites with hydrophobic matrices, so that sometimes final properties decrease as
the amount of reinforced material increase. However, natural fibers contain OH groups susceptible
to react with substances of non-polar character. This chemical modification gives more hydrophobic
character to the physic nature of the surface of fibers, and it can improve the interaction with the
matrix at the interface.

In the present work, we present the effect of chemical treatment (silanization, PP grafting and
acetylation) onto natural fiber over the crystallization of bagasse fiber-PP composites. The changes
of crystallinity of isotactic polypropylene caused by the chemical modification of fibers were
followed using a modulated DSC. The interaction of the more hydrophobic surface after treatment
with the PP matrix, increase the amount crystallization. So that, the higher extent of chemical
modification, the higher is the crystallinity. When an excess of fibers are present, the increase of
matrix amount increase the crystallinity until a maximum, after that it decreases by a less nucleation
sites.

There were some morphology induction caused by non-treated and treated fibers; this was a
consequence of a less or better interaction of the fibers by the matrix. Then, fibers could be
functioning as nucleation agents due to the formation of an interfacial transcrystallinity.
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FROM NEW SYNTHETIC PROCEDURES FOR ATRP TO NEW MATERIALS
Krzysztof Matyjaszewski
Carnegie Mellon University, Pittsburgh, PA, 15213, USA (matyjaszewski@cmu.edu)

Copper-based ATRP (atom transfer radical polymerization) catalytic systems with polydentate
nitrogen-based ligands is among most efficient controlled/living radical polymerization systems. [1]
Recently, by applying new initiating/catalytic systems, Cu level in ATRP was reduced to a few
ppm. Various reducing agents, including metals, organometallic species, sugars, amines, phenols,
monomers ligands, radical initiators or electrical current have been successfully applied.[2] Similar
control can be achieved with ppm of Fe-based catalysts.[3]

ATRP of acrylates, methacrylates, styrenes, acrylamides, acrylonitrile and many other vinyl
monomers provides polymers with molecular weights in a large range 200<Mn<20,000,000 and
with low dispersities. Polymers can be formed quantitatively in bulk, in solution and in dispersed
media. Water can serve both as solvent for many water soluble polymers and also as medium for
microemulsion, miniemulsion, dispersion and suspension polymerization.[4] Block, graft, star,
hyperbranched, gradient and periodic copolymers, molecular brushes and various hybrid materials
as well as bioconjugates have been prepared.[5] The (co)polymers made by ATRP have many
potential applications as components of advanced materials such as coatings, elastomers, adhesives,
surfactants, dispersants, lubricants, additives, but also as specialty materials in biomedical and
electronic areas and will affect the market of ~$20 billion/year.[6] Macromolecular engineering
comprising design, synthesis, characterization and applications of nanostructured multicomponent
polymeric materials prepared via ATRP will be presented.
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PRECISION ACID, IONOMER, AND IONIC LIQUID POLYMERS

K. B. Wagener**, K. Opper*, A. Dennis®, Chet Simocko, Brian Aitken*
Karen Winey?, Francisco Buitrago®, Michelle Seitz?

1. The Butler Polymer Research Laboratory, University of Florida, Gainesville, Florida
32611

2. Department of Materials Science & Engineering, University of Pennsylvania, Philadelphia,
PA 19104

Precision polyolefins are made using metathesis polycondensation chemistry to regulate, without

equivocation, branch identity and the exact location of the branch along a polyolefin backbone

[1]. We use precision polyolefin techniques to synthesize a series of acid and ionomers

containing polymers, including ionomers that are based on the presence of ionic liquid

chemistry. These are extremely tough materials.

The changes in morphology for these precision materials are clearly different from that found in
conventional random ionomers. A high degree of order in the form
of layered lamellae becomes apparent in the carboxylic acid
polymers that have been formed (Fig. 1)[2]. We also have made a
series of phosphonic acid polymers [3], and in addition have
research both in sulfonic acid and
boronic acid polymers to report.

X-Ray scattering (Fig. 1) demonstrates

a dramatic change in morphology,

changing from clusters of ionic groups

in conventional ionomers to sheets

Fig. 1: X-Ray for interconnected via precision hydrogen
Precision Acid Polymer  honding — the polymer chain remains
orthorhombic in spite of such a large

“defect”. When the degree of ionic character becomes significant,

then a reversion to highly ordered, cubic centered clusters becomes

evident (Fig. 2)[4]. Such clusters have never been observed

previously.

Acknowledgements Fig. 2: Cubic Centered Clusters
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Form When The Concentration
of lonomers Becomes
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REDOX INITIATED CATIONIC POLYMERIZATION

Crivello James V.

Department of Chemistry and Chemical Biology, Rensselaer Polytechnic Institute, Troy, New
York, USA.

New methods for initiating cationic polymerizations based on the reduction of onium salts by
boranes[1,2] and hydrosilanes [3,4] are described. These redox couples can be employed as
convenient initiator systems for the homogeneous cationic polymerizations of a wide variety of
vinyl and heterocyclic monomers. In this presentation, we report the novel use of a two-component
redox system in which a volatile hydrosilane reducing agent is delivered as a vapor to a thin film
monomer sample containing the onium salt. Typically, the cationic polymerizations that result are
rapid and exothermic. The use of optical pyrometry (infrared thermography) as a convenient
method with which to monitor and optimize the aforementioned redox initiated cationic
polymerizations is described. Studies of the effects of variations in the structures of the onium salt,
the reducing agent and the use of a noble metal catalyst on the polymerizations of typical vinyl and
heterocyclic monomers were carried out and will be discussed. Potential applications of this
technology include: coatings, adhesives, castings, composites, and electronic encapsulations.
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LATE AND EARLY TRANSITION METAL CATALYZED CONTROLLED RADICAL
POLYMERIZATION OF DIENES

Asandei, Alexandru D.”, Simpson, Christopher P., Adebolu, Olumide, and Hyun Seok Yu

Institute of Materials Science and Department of Chemistry, University of Connecticut,
Storrs,CT, USA, asandei@ims.uconn.edu

Living radical polymerization (LRP) enables precise control over molecular weight and
polydispersity and has been widely applied in the synthesis of complex macromolecular structures.
[1] While catalytic systems based on late transition metals were successful in LRPs mediated by
atom transfer radical polymerization (ATRP), dissociation-combination or degenerative transfer and
initiated from activated halides or thermal initiators, a broader selection of initiators and catalysts is
still needed for the LRP of certain monomers.

1,3-Dienes such as isoprene and butadiene are industrially important, but their controlled
polymerization is typically accomplished by anionic or coordination methods requiring stringent
conditions. While ATRP works very well with styrene and (meth)acrylates, its extension to dienes
has proven troublesome, and with the notable exception of nitroxides and RAFT reagents, metal
catalyzed LRP methods have generally failed to control diene polymerizations.

The paramagnetic Cp,TiICl, is a mild one electron transfer agent which mediates epoxide radical
ring openings (RRO), aldehyde SET reductions and halide abstractions. We have demonstrated[2]
the Cp,TiCl-catalyzed LRP of styrene initiated by epoxides, aldehydes, halides and peroxides and
applied this methodology in the synthesis of branched and graft copolymers.[3] Ti alkoxides
generated in-situ from epoxides and aldehydes also catalyze the living ring opening polymerization
of cyclic esters, epoxides and anhydrides.

We have previously described the Cp2TiCl-catalyzed isoprene,[5] butadiene and 2,3-
dimethylbutadiene polymerizations initiated from halides, epoxides, and aldehydes. We will be
describing herein a comparison of Ti and Cu diene LRPs and the scope and limitations of each
method.
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PATTERNED POLYMER BRUSHES FOR SURFACE CONTROL
Ober Christopher K.™, Welch Mary E.?, Xu Youyong, *, and Ohm Christian*

1. Department of Materials Science & Engineering, Cornell University, Ithaca, NY, United
States cko3@cornell.edu

2. Department of Chemistry and Chemical Biology, Cornell University, Ithaca, NY, United
States.

Precision synthesis of polymer brushes combined with their patterning makes a very powerful tool
for surface modification. We report the direct patterning of multi-component block copolymer brush
systems [1]. Positive-tone/negative-tone block copolymer brushes have been patterned by electron
beam lithographic methods to produce micro- and nanostructures. We have analyzed these systems
through variation of polymer brush thickness and investigating different solvent development
conditions. Direct patterning of positive-tone/negative-tone block copolymer brushes were also
carried out [2]. Their phase separation and morphologies in the patterns was found to be affected
by both feature size and development environment.
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POLYOXETANES: RING OPENING POLYMERIZATION REVISITED FOR NEW
POLYURETHANE SOFT BLOCKS AND COATINGS NOVEL PROPERTIES

Kenneth J. Wynne, Wei Zhang, Souvik Chakrabarty, Asima Chakravorty and Chenyu
Wang

Chemical and Life Science Engineering, Virginia Commonwealth University, Richmond
VA 23284

Polyurethanes with polyoxetane soft blocks such as P[3FOx] 1 and P[(3FOX)n(ME20x);.

m] 2 have provided a
rich source of new soft H,

C‘-ﬂ Fa
surface science. ) \/\} CHs
Examples that will be {\)\/ j_ { \)2,\,) ’f ){;}
described include:

(a) Modification of cp3

®
polyurethanes with soft /e )4N(CH3)2(CH2)pCH3

blocks containing W HiO%H

quaternary charge (3)

that results in

spontaneous formation of nanopeak and micropeak topologies, (b) Better control of ring
opening polymerization for more precisely controlled polyoxetane chain architectures (1,
2), (c) Development of novel coatings with abhesive surfaces for foul-release
applications using soft block 1 together with a new physical model, and (d) Development
of a new laboratory test that quantitatively measures removal energies associated with

weak adhesion (abhesion).
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ANIONIC SYNTHESIS OF WELL-DEFINED, CHAIN-END AND IN-CHAIN
FUNCTIONALIZED POLYMERS

Quirk, Roderic P.™

1. Institute of Polymer Science and Polymer Engineering, University of Akron, Akron, Ohio,
USA 44325. rpquirk@uakron.edu

One of the unique features of living polymerizations, and alkyllithium-initiated polymerizations in
particular, is the ability to prepare chain-end functionalized polymers[1]. After complete monomer
consumption, the resulting polymeric organolithiums can react with electrophiles to form ®-chain-
end functionalized polymers[2]. Although many such reactions have been investigated, most of
these specific funcitonalization reactions are not quantitative and each must be optimized. It has
been of interest to develop general anionic functionalization methods (GFM)[2]. GFM encompass
reactions that efficiently introduce a variety of functional groups using the same basic chemistry for
all groups. GFM of importance include the reactions of polymeric organolithium compounds with
(@) substituted chlorosilanes[3], (b) substituted 1,1-diphenylethylenes[4], (c) substituted alkyl
halides[5], and more recently (d) chlorodimethylsilane to form the corrresponding w-silyl hydride-
functionalized polymers followed by platinum-catalyzed hydrosilation with substituted alkenes[6].
Herein, the scope and limitations of these general functionalization methods will be described with
respect to synthesis of a-(initiating chain-end), in-chain, and o-(termination chain-end)
functionalized polymers.
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PRECISION POLYOLEFINS VIA "'TWO-STATE' LIVING COORDINATIVE CHAIN
TRANSFER POLYMERIZATION

Wei Jia, Zhang Wei, Wickham Rennisha, and Sita Lawrence R.*

Department of Chemistry and Biochemistry, University of Maryland, College Park, MD, USA.
Isita@umd.edu

New paradigms are required that have the potential to dramatically change the range and pace at
which specialty polyolefins can be discovered and commercialized. In this regard, we have been
pursuing, within a living coordination polymerization system, identification of dynamic fast and
reversible bimolecular processes that are competitive with chain-growth propagation and the
establishment of mechanistic control points that can provide external control over the relative rates
of these processes. In this way, a single catalyst can now be directed to produce, with a high degree
of precision, a near continuum of different polyolefin grades that exists between two different
limiting stereochemical microstructures, co-polymer compositions or polymer architectures.[1-5]
When combined with living coordinative chain-transfer polymerization (LCCTP) that employs an
excess of a main group metal alkyl as ‘surrogate’ chain-growth sites, practical, large-scale
production of a broad range of specialty “‘precision’ polyolefin materials can now be brought closer
to realization. This talk will focus on our most recent investigations involving the identification,
development, and exploitation of several different classes of two-state LCCTP systems for
considerably expanding the range of structure and function for polyolefins.
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POLYBANK: DEVELOPMENT OF A BANK OF ADVANCED POLYMERIC
MATERIALSVIA RAFT TECHNOLOGY AND HIGH THROUGHPUT
EXPERIMENTATION

Guerrero Sanchez Carlos**, Keddie Daniel*, Hornung Christian®, Saubern Simon*, Adams Nico',
Thang San H.*, Moad Graeme', Rizzardo Ezio', and Chiefari John®.

1. CSYRO Materials Science and Engineering. Bag 10 Clayton South, Victoria 3169, Australia.

There is an increasing need by industry and academia to screen a range of polymer materias to
evauate their performance for diverse applications. However, researchers interested in testing such
materias in their areas of expertise generally do not have the synthetic skills or infrastructure to
prepare them. Consequently, they have to rely on collaborations or commercial suppliers to obtain
the materials and often the desired products are not available. This approach can considerably slow
the discovery and development process. The development of a bank of advanced polymeric
materials (PolyBank) is currently seeking to address this need. PolyBank makes use of high-
throughput synthetic techniques currently available at CSIRO and the powerful controlled radical
polymerization method developed at CSIRO known as the Reversible Addition Fragmentation chain
Transfer (RAFT) Technology. This strategy allows for the systematic, rapid generation and
characterization of polymer libraries encompassing a broad range of properties. The RAFT process
allows for the preparation of well-defined polymers with predefined molecular weight, chemical
composition and architecture. The use of high-throughput synthetic protocols available a8 CSIRO
for RAFT technology can expedite the production of these polymer materials. Many scientific
projects would benefit from such a reserve of materials because their researchers could
systematically plan their activities based on the polymer resource of PolyBank. Thiswould speed up
their investigations and thus accel erate the generation of knowledge and lower the costs of research.
This contribution addresses the current status towards the full establishment of PolyBank.
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NITROXIDE-MEDIATED SURFACTANT-FREE EMULSION POLYMERIZATION OF N-
BUTYL METHACRYLATE WITH A SMALL AMOUNT OF STYRENE

Thomson Mary E.*, Manley Anna-Marie®, Ness Jason S.?, Schmidt Scott C.? and
Cunningham Michael F.**

1. Department of Chemical Engineering, Queen’s University, Kingston ON, Canada K7L 3N6.
michael.cunningham@chee.queensu.ca.
2. Arkema Group, King of Prussia PA 19406-1308, USA.

SG1 nitroxide-mediated emulsion polymerization of n-butyl methacrylate (BMA) can produce
highly living and well controlled polymer chains when polymerized in the presence of 10 mol%
styrene (St) using a one-pot, differential monomer addition technique. When n-BMA-co-St is
polymerized in the presence of a surfactant above the critical micelle concentration, bimodal
particle size distributions are obtained, likely as a result of combined micellar and aggregative
nucleation mechanisms. This phenomenon is not observed for the more hydrophilic monomer
system of methyl methacrylate and styrene, which yields living, well-controlled polymer with
monomodal PSDs. In the absence of surfactant with BMA however, it is possible to prepare stable,
monomodal latexes. Using N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl) nitroxide
(SG1), we report the first nitroxide~-mediated polymerization of n-butyl methacrylate with a small
amount of styrene in a facile surfactant-free emulsion polymerization system. The surfactant-free
system requires no separate macroinitiator synthesis step and produces highly living polymers with
monomodal particle size distributions. The initiator efficiency can be greatly improved by the
addition of a very small amount of the hydrophilic monomer methyl acrylate in the 1% stage. The
elimination of surfactant from the system not only allows for better control over the particle size
distribution but it is also an important advance for further applications, where the presence of a
large quantity of surfactant can be deleterious to both product properties and performance.
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PREPARATION OF FUNCTIONALIZED POLYMERS BY REVERSIBLE ADDITION-
FRAGMENTATION CHAIN TRANSFER (RAFT) POLY MERIZATION

Licea-Claverie, A.""; Cortez-Lemus, N.}, Picos-Corrales, L.A.}, Cornejo-Bravo, J.M.?

1. Centro de Graduados e Investigacion, Instituto Tecnoldgico de Tijuana, A.P. 1166, 22000
Tijuana, B.C., México. E-mail: aliceac@tectijuana.mx

2. Fac. de Ciencias Quimicas e Ingenierias, Universidad Autonoma de Baja California, 22300
Tijuana, B.C., México.

Reversible addition-fragmentation chain transfer (RAFT) polymerization is a polymerization
technique that has emerged in the last ten years as may be the most versatile and simple method for
the preparation of polymers using a wide range of monomers and controlling their size, architecture
and functionality. RAFT polymerization show the main features of a “living” polymerization,
therefore the polymers or copolymers prepared in a first step can be re-activated to block-
copolymerize a second monomer. If this second monomer is of a divinyl type, complex polymer
architectures can be obtained if the copolymerization conditions are well chosen. In this
contribution we report the use of RAFT polymerization to prepare four types of functionalized
polymeric materials: 1.- End functionalized (o, ®) telechelic polymers with OH, COOH and NH;
functional groups: 2.-Random functionalized temperature sensitive polymers with acid groups; 3.-
Arm functionalized temperature sensitive star-polymers and 4.-Core functionalized nano-gels with
temperature sensitive shell. For the first type of functionalized polymer, functionalized
dithiobenzoates as chain transfer agents (CTA's) were developed. For the second type of
functionalized materials RAFT copolymerization with acid comonomers of methacrylate family
were used to taylor the lower critical solution temperature (LCST) of polyNIPAAm. For the third
and four type of functionalized materials macro-CTA's were prepared in a first step followed with a
second step of RAFT crosslinking polymerization. Adjusting the synthesis variables star polymers
and nanogels could be synthesized (Figure 1).

Figure 1: Synthetic scheme for preparation of functionalized star-polymers and nanogels.
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SWITCHABLE CHAIN TRANSFER AGENTSFOR RAFT POLYMERIZATION

Keddie, Daniel J*, Benaglia, Massinfo Chiefari, Johh Chong, Yen K, Guerrero-Sanchez,
Carlos', Moad, Graeme Mulder, Roget, Rizzardo, Eziband Thang, San H.

1. CIRO Materials Science and Engineering, Bag 10 Clayton South, VIC, Australia, 3169
daniel .keddie@csiro.au
2. ISOF-CNR, Area della Ricerca, Via P. Gobetti 101, 40129 Bologna, Italy.

In contrast to conventional reversible addition-fragmentation chain transfer (RAFT) agents,
acid/base “switchable” dithiocarbamate RAFT agents offer a high level of control over
polymerization of both “more-activated monomers” (MAMs, i.e. (meth)acrylates,

(meth)acrylamides, styrenics) and “less-activated monomers” (LAMs, i.e. vinyl esters, vinyl
amides).[1, 2] This is accomplished by using the "switchable" RAFT agent in either its activated
(protonated, controls MAMS) or deactivated (neutral, controls LAMs) form. This new class of
RAFT agent allows access to polyMAM-block-polyLAM copolymers, with narrow molecular

weight distributions, which are generally unobtainable using conventional RAFT techniques.
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Recently, we have demonstrated that the technique is also applicable for the preparation of
poly(dimethylacrylamide) in aqueous solution. This study showed that factors influencing acid/base
equilibria in the polymerization mixture have a marked effect on polymer dispersity.[3] In this
presentation some of the recent developments in the area of "switchable” RAFT will be discussed
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NEW ULTRAHIGH MOLECULAR WEIGHT, LOW POLYDISPERSITY AROMATIC
POLYMERS FROM METAL-FREE, STEP-GROWTH "CLICK" POLYMERIZATIONS

Guzman-Gutierrez Maria T.,! Carmen G. Hernandez Maria,? Zolotukhin Mikhail.™

1. Instituto de Investigaciones en Materiales, Universidad Nacional Autonoma de Mexico,
Mexico-City, Mexico. “*zolotukhin@iim.unam.mx

2. Institut fur Werkstoffforschung, Helmholtz-Zentrum, Geesthacht, Max-Planck-Strasse 1, 21502
Geesthacht, Germany

According to the classical theory of step-growth polymerization all functional groups at any given
stage of the polymerization are equally reactive regardless of the size of the molecule to which they
are attached (and that no intramolecular cyclization occurs) [1]. The molecular weight distribution
consequently predicted is known as the “most probable” distribution with polydispersity index
approaching 2 at high conversion, which means that this type of polymerization is not applicable for
the synthesis of polymers with low polydispersity.

Recently, T. Yokozawa has demonstrated [2] that by creating a difference in the reactivity of the
functional groups it is possible to transform the polymerization mechanism from a step-growth to a
chain-growth. A number of polymers with low polydispersity and moderate molecular weight have
been obtained successfully.

Several years ago, for the first time we reported on application of superelectrophilic chemistry for
the preparation of novel, high molecular weight linear polymers by superacid catalyzed
polycondensation of carbonyl-containing compounds with non-activated aromatic hydrocarbons [3].
The reactions were shown to be tolerant of such functional groups as hydroxy, sulfoxy, amino,
carboxy, and cyano [4-5].

The report presents a general overview of novel polymer syntheses involving superelectrophiles.
Preparations of Ultra High Molecular Weight (Mw > 1 000 000) and low polydispersity (Mw/Mn =
1.15 - 1.25) aromatic polymers by metal-free, room temperature, superacid catalyzed “click” -
polyhydroxyalkylation are discussed. Unusual mechanism of step-growth polyhydroxyalkylations
leading to the polymers with low polydispersity is presented.

Cheaply available monomers, metal-free, stoichiometric and non-stoichiometric syntheses and the
promising properties of the new polymers that might be obtained will make superelectrophilic
reactions a powerful tool in polymer chemistry.
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BIOMIMETIC SYNTHESISOF PEDOT CATALYZED BY MCM/41 SUPPORTED
HEMATIN
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Polyethylenedioxytiophene (PEDOT) has been one of the most studied conjugated polymers in the
last years due to its interesting electro-optic properties. This polymer can be synthesized from 3,4
ethylenedioxythiophene (EDOT) monomer. PEDOT has good film properties, shows electrical
conductivity and exhibits properties to use it in electrochromic devices, among other applications
[1]. The most used synthetic procedures up today for PEDOT synthesis imply highly oxidant and
low pH conditions which are not compatible with biological systems [2,3]. In this work the use of a
biomimetic catalyst based on hematin supported in MCM-41 was studied for EDOT polymerization
in acidic conditions; oxidation around pH 2 in the presence of polystyrenesulphonate (PSS) as
doping and stabilizing agent and hidrogen peroxide as oxidant agent was carried out. Biomimetic
reaction yields were evaluated under different reaction conditions as well as the recycling capacity
of the biomimetic catalyst. The results showed that it can be used an small amount as 5 mg of
hematin/MCM-41 catalyst to obtain PEDOT/PSS and that it can be reused up to 9 times without
significant yielding loss, which was maintained between 80%-65%. Furthermore, it was also
established thorough UV/Visible and FTIR spectroscopy that chemical properties of obtained
PEDOT are comparable to those obtained by other synthetic methods and that this also remain even
when the oxidant concentration was changed. This last indicated that the biomimetic catalyst
Hematin/MCM-41 is stable under the studied reaction conditions; hence it represents a viable, low
cost alternative, for PEDOT obtaining.
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Abstract

In this work was prepared the spiroorthocarbonate FSOC derived from fluorene. After
characterization by FTIR and NMR spectroscopy, the synthesized FSOC was evaluated as
antishrinkage additive in the cationic photopolymerization of bisglycidil ether of Bisphenol A
(BADGE). The FSOC was mixed with BADGE at 2.5, 5 and 10 % mol. It was found that the
shrinkage decreased with increased concentration of FSOC. At the higher concentration of FSOC
not only was eliminated the shrinkage but it was achieved small level of expansion. The
presence of FSOC did not interfere with the photopolymerization rate of BADGE.

Introduction

Shrinkage is a phenomenon inherent in all the processes of polymerization. It is defined as the
reduction in volume caused by an increase in density. This is due to the formation of covalent
bonds during the polymerization process. The shrinkage can be an adverse factor in certain
applications, such as the development of composite materials, materials for electrical insulation,
manufacture of optical fiber and the preparation of dental materials polymeric.

To avoid shrinkage in the polymers are used a type of compounds as spiroorthocarbonates (SOCs)
that are monomers that show volume expansion during the polymerization. The efficiency of
SOC:s relies in the fact that they undergo double ring opening polymerization and in this process
for every bond that goes from a Van der waals distance to a covalent distance [1]. This is the
reason why the polycyclic monomer ring-opening polymerization occurs essentially with zero
shirinkage or expansion upon polymerization [2].

Taking into consideration the efficiency demonstrated by the spiroorthocarbonates to reduce or
eliminate shrinkage [3-5], in this research is reported, the preparation of a new
spiroorthocarbonate from an aromatic compound as the flourene (FSOC). This FSOC was
elaborated through of the reaction of transeterification of tetraetilorthocarbonate with
Fluorenediol. Once that the FSOC was syntetized it was evaluated as antishrinkage additive in the
cationic photopolymerization of bisglycidil ether of Bisphenol A (BADGE)

Experimental

Synthesis of Spiroorthocarbonate from Flourene (FSOC)

In a three-necked, 50-mL, round-bottom, flask provided with magnetic stirrer, condenser, nitrogen
inlet and thermometer were placed 2 g of molecular sieves and 40 mL of diethyl ether. Then 4 g
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(0.01769 mol) of FDIOH and 0.0487 g (2.8 x 10-4 mol) of p-toluensulfonic acid. After of 5 min
was added 1.47g (0.00766 mol) of tetraethyl orthocarbonate and 8.93 x10 -2 g (0.008428 mol) of
Na2CO3. The system was flushed with nitrogen to set anhydrous conditions for 9 h at room
temperature. The reaction mixture was filtered and the molecular sieves were separed washing
with chloroform that was rotaevaporated. The compound FSOC was characterized by FTIR and
RMN

Cationic Photopolymerization of the FSOC
UV curing procedure and shirinkage measurements of FSOC

Phtocurable formulations were prepared by the addition of the FSOC monomer to the epoxy
monomer Bisphenol A (BADGE), that was used as epoxy matrix, in the range between 2.5 and 10
wt %. In all the mixtures 1 wt% of cationic photoiniciator (4-n-decyloxyphenyl) phenyliodonium
(DPPI) was added. The formulations were coated and irradiated with a UV lamp, for 30 min in air
a light intensity on the surface of the samples of about 10.7 mW/cm2. RT-FTIR was used to
monitor the kinetics of photopolymerization of the FSOC.
Shirikage measurements were obtained by measuring the density of the systems before and after
curing. The solution density (before curing) was measured by weighing a precise amount of liquid
formulation. The density of cured films (after curing) was measured by means of a Startorius
balance YDKO1 with density determination kit. The Archimede principle is applied for
determining the specific gravity of a solid with this measuring device: a solid immersed in a liquid
is exposed to the force of buoyancy. The value of this force is the same as that of the weight of the
liquid displaced by the volume of the solid. The density measurements have been performed with
the Sartorius hydrostatic balance which enables to weigh the solid in air as well as in a liquid, the
specific gravity of the solid is determined when the density of the liquid causing buoyancy is
known, through the following formula:

_ w(@ - p(D)
P=Wia—-wo

Where: # = specific gravity of the solid: p(I) = density of the liquid;
W(a) = weigth of the solid in air; W(I) = weigth of the solid in liquid.

The chosen liquid was ethanol with a density values of 25°C of d25 = 0.78506 g/ml. The specific
volume of the system before and after curing was defined as the inverse of the density and the
shirinkage was calculated with the following formula:

Ve —-V1
A= x 100

T

Where: 4 = volume change ; Vs = specific volume of the cured polymer; VL = specific volume
of the liquid formulation;
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Results and Discussion
Synthesis of the monomer spiroorthocarbonate of flourene (FSOC).

The synthesis of the FSOC was successfully achieved using two stages process. First, for the
synthesis of the FDIOH the product resulted by the nucleophylic addition of the anion derived of
the flourene that is added as p-formaldehyde producing the diol (FDIOH) as a white powder that
was obtained in a 80% yield with melting point of 142-145°C. (Figure 1). The FDiOH was
identified by 1H NMR (300MHz), where different signals were identified in the range 7 -8 ppm
corresponding to the aromatics and the appearance of a doblet at 4.05 ppm which corresponded to
the methylene and at 2.07 ppm a triplet that corresponded to the hydroxyl group.

([
5

Figure 1. Schematic illustration of synthesis of FDiOH

In the second stage the FDIOH was reacted by means of the transesterification with tetraethyl
orthocarbonate (TEOC) in the presence of p-toluensulfonic acid as is shown in the Figure 2, where
a white powder was obtained with a m.p. of 238- 240°C at 93.75% vyield. The proton spectrum of
obtained for the FSOC showed the peaks at 7-8 ppm corresponded to the protons of the aromatic
moiety, whereas the peaks at 4.3 ppm corresponded to the protons of the carbons of the oxygens
of the spiroothocarbonate moiety.

o~ o
o_ 0O p TSO3H o_ O

o b RSN

e O

Figure 2. Schematic illustration of synthesis of FSOC

The Figure 3 displays the IR spectra of the flourene and the two synthetized compounds: FDiOH
and FSOC. It can seen that the flourene has a peak characteristic for aromatic compounds at 758
cm-1 and a peak at 2916 cm-1 which corresponded at aliphatic C-H. when the FDiOH is formed
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the IR spectra shows two signals: a broad peak at 3318 cm-1 and 1028 cm-1 which corresponded
at C-O group. The IR spectra of the FSOC completely disappeared the peak at 3318 cm-1 and
appearance the peaks characteristic for spiro orthocarbonate groups located at 1196, 1113 y 1041
cm-1.
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Figure 3. spectra IR of the Fluorene, FDIiOH and FSOC
Photopolimerization of FSOC with UV ligth and photoiniciator DPPI.
Once that the FSOC monomer was obtained, it was photopolimerized with BADGE, used as

epoxy matrix. In the Figure 4 can be seen the polymer from the FSOC monomer when it is
photopolimerized (P-FSOC) with photoiniciator DPPI.

"x" S
A"

Figure 4. Polymer from FSOC when is photopolimerized (P-FSOC)

Determination of Kinetics of ring opening by cationic photopolimerization of the formulations of
BADGE at different concentrations of FSOC monomer.

The FSOC was added to the BADGE epoxy resin in concentrations of 2.5, 5 and 10 wt %. In
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Figure 5 the conversion curves as a function of irradiation time are reported for FSOC monomer.
The curves give an indication of the rate of polymerization. It is evident the high reactivity to an
intensity of UV light as low as 10 mW/cm2. The reactions of photopolymerization proceeded
rapidly in all cases, reaching conversions between 50 and 60 % in the first 50 seconds and
conversions levels between 70 and 80 %. Given that concentrations of FSOC were not very high,
the speed of photopolymerization of BADGE is not significantly influenced by the presence of the
FSOC which is good thing, because it is known that spiroorthcarbonates generally have speeds of
cationic photopolymerization lower than the epoxy monomers, resulting in a reduction in the
speed of photopolymerization of these when are add the SOCs as antishirinkage additives.

Figure 5. Real-time conversion curves as a function of irradiation time for the pristine BADGE
epoxy monomer (0% FSOC) and for the formulations containing increasing amount of FSOC
monomer. Was used for all the formulations 1wt% of DPPI photoiniciator and a UV light intensity
of 10.7 mW/cm2.

Shirinkage measurements

The efficiency of the FSOC as low shrinkage additive was evaluated by adding of different
concentrations of this compound in the monomer BADGE and measuring the specific density of
the starting formulations and the corresponding cured films. The density values together with the
calculated shrinkage are reported in the Table 1.

Table 1. Volume changes during UV curing with different formulations of BADGE-FSOC.

Formulations VVolumen changes (%)
BADGE -4.77
BADGE + 2.5 % FSOC -2.42
BADGE + 5 % FSOC -1.94

BADGE + 7.5 % FSOC -1.56
BADGE + 10 % FSOC 0.19

An important decrease on shirinkage extent upon photopolymerization was evidenced in the cured
films obtained in the presence of FSOC monomer. It can be observed that pristine BADGE
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showed a realtive value of -4.77 for the shirinkage while that increasing concentration of FSOC
resulted in a decrease of the shrinkage and at 10 wt% it was observed a positive value of 0.19.

Conclusions

FSOC was syntetized and obtained in a 93wt% yield, with the aim to reduce shrinkage during
cationc photopolymerization of the epoxy monomer BADGE. The analysis of volume change
revealed that FSOC not only was eliminated the shrinkage but it was achieved small level of
expansion 0.19 % when 10 wt % was used.

Acknowledgements

The autors would like the Mexican National Council and Tecnology (CONACYT) for
founding this research (project 80108) and to the Italian Forgeing Minister for covering
exchange expenses. Asistance in running IR and NMR samples by Julieta Sanchez and
Guadalupe Tellez.

References

[1]. Bailey W.J. J. Macromol. Sci. Chem.; 1975, A9 (5): 849-865

[2]. Brady R.F., J. Macromol. Sc. Rev. Macromol. Chem. Phys.C, 1980, 32, 135

[3]. Acosta, R.; Berlanga, M.L.; Savage, A.G.; Sangermano, M.; Garcia, A.E.: Polymer
International, 2010, 59, 680-685

[4]. Sangermano, M.; Berlanga, M. L.; Acosta, R.; Savage, A.G.;  Garcia, A.E.; Reactive
&FunctionalPolymers, 2010, 70(2), 98-102

[5].Takata, T, Endo, T. Polymer Preprints Jpn, 1988, 37, 241

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011


http://www.novapdf.com
http://www.novapdf.com

MACROMEX 2011

HETEROGENEOUS ETHYLENE AND ALFA-OLEFINS COPOLYMERIZATION
USING ZIRCONOCENE ALUMINOHYDRIDE COMPLEXES

Pérez, Odilia', Soares, Joao B.P.?, Garcia, Maricela', Comparan, Victor', McCoy, John®, and
Cadenas, Gregorio *

1. Department of Polymer Synthesis, Centro de Investigacion en Quimica Aplicada, Saltillo, Coahuila, Mexico.
2. Department of Chemical Engineering, University of Waterloo, Ontario, Canada
3. Department of Chemical Engineering, University of Cape Town, South Africa.

Abstract

Linear low density polyethylene (LLDPE) is one of the most important commercial polyolefin due
to its useful applications in several areas and particularly in the film industry.[1] LLDPE is
commercially produced using Ziegler-Natta or metallocene catalysts. Even though Ziegler-Natta
products still dominate the market, metallocene-made LLDPE resins have several attractive
properties, such as high incorporation levels of alfa-olefins with uniform chemical composition
distribution.[2]

In this work we studied the copolymerization of ethylene and different alpha-olefins (propylene, 1-
butene, 1-hexene, and 1-octene) using aluminohydride zirconocene systems supported on modified
silica. The copolymerization reactions where carried out in hexanes, at different Al/Zr ratios, using
two different comonomers concentrations. The effect of comonomer type on catalyst activity and
polymer molecular weight and chemical composition distributions (MWD and CCD) was
compared. Average comonomer incorporation was determined by 13C NMR and the CCD by

crystallization elution fractionation (CEF).

Most of the copolymerizations showed very high catalytic activity (up to 4000 Kg PE/mol Zr), and the molecular
weight was higher for the copolymers containing 1-octene, demonstrating that aluminohydride zirconocene systems
can copolymerize ethylene and alpha-olefins effectively.

Introduction

Linear low density polyethylene is one of the most important polyolefin, due to its useful
applications in several areas, particularly in the film industry for packing, insulation, film coating
and co-extrusion. In polymer blends with others high density or low density polyethylene, LLDPE
has been used for pipe applications in agricultural or as filler in resin formulations to provide
flexibility to the materials.1 As is known, LLDPE is produced by coordination polymerization
using Ziegler-Natta or single site catalysts, mainly in slurry or gas phase processes. Even though
most of the commercial LLDPE is currently produced with conventional Ziegler-Natta catalysts,
an important increase in the production of LLDPE with single site catalysts has been observed in
the last years,2 due to the improved properties obtained for this polyethylene, using metallocenes
or constrained geometry catalysts (CGC).3 Metallocene-made LLDPE resins (mLLDPE) have
several attractive properties, such as high incorporation levels of alfa-olefins with uniform
chemical composition distribution. Homogeneous comonomer incorporation improves properties
as greater stiffness and impact strength, greater stretch and puncture resistance, and better
sealability as compared to LLDPE produced by conventional Ziegler-Natta catalysts.

Comonomer incorporation depends mainly on the metallocene structure, where the ligand
configurations control stereo regularity, molecular weight distribution, and uniform comonomer
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composition in the polymers.4 Many kind of metallocene complexes have been studied and
reported in the homo and copolymerization of different olefins and alfa-olefins. Most of the
literature reports the use of monometallic complexes, and just a few mentions the use of dinuclear
or heterobimetallic complexes for olefins and alfa-olefin copolymerizations.5 Some years ago, we
reported the use of zirconocene aluminohydride complexes for ethylene polymerizations,
comparing their performance with the corresponding zirconocene dichloride, under the same
polymerization conditions. Zirconocene aluminohydride showed higher activities 30-40% than
zirconocene dichloride, when were activated with MAO in solution, under the same
polymerization conditions.6

In this work we studied the copolymerization of ethylene and different alfa-olefins (propylene, 1-
butene, 1-hexene, and 1-octene) using zirconocene aluminohydride systems, supported on
modified silica. The copolymerization reactions were carried out in hexanes at different Al/Zr
ratios of supporting, using two comonomer concentrations. The effect of the comonomer type on
the catalyst activity and polymer molecular weight and chemical composition distributions (MWD
and CCD) was compared. Average comonomer incorporation was determined by 13C NMR and
the CCD by crystallization elution fractionation (CEF).

Experimental

Materials

nBu-Cp2ZrCI2 (98%, Strem), LiAIH4 (1M solution in diethyl ether, Aldrich), methylaluminoxane
(PMAO, 10 wt.-% solution in toluene, Aldrich), ethylene (99.9%, Praxair), were used as received.
Comonomers, Propylene (99.9%, Praxair) and 1-butene (99.99%, Sigma-Aldrich) were used as
received. 1-Hexene (99%, Aldrich) and 1-octene (98%, Aldrich), were distilled under
atmospherical pressure before using.

Solvents, diethyl ether, toluene, and hexane, (Aldrich) were purified by passing through columns
packed with activated alumina and molecular sieves (Zeolum Type F-9, Tosoh Co.) and stored
with 3A/4A mixed molecular sieves.

Polymer Characterization

Molecular weight and polydispersity were measured by gel permeation chromatography (GPC) in
a Gel Alliance GPV 2000 instrument at 1400C. The equipment used three styragel columns, and
was coupled to a refractive index (IR) detector (480 nm) and to a multi-angle light scattering (LS)
detector (690 nm). 1,2,4-Trichlorobenzene was used as solvent, at a flow rate of ImL/min. The
columns were calibrated with narrow molar distribution polyethylene standards.

Differential scanning calorimetry analyses were performed on a modulated TA Instrument 2920,
at a heating rate of 100C/min on a temperature range from 50 to 1600C. Through a second heating
cycle the thermal and mechanical history of the samples was eliminated.

Comonomer incorporation was determined by 13C NMR spectroscopy in a JEOL Eclipse 300.
The 13C NMR spectra were obtained in the equipment operating at 75 MHz. Sample solutions of
polymers and copolymers were prepared in tetrachloroethylene using deutered benzene as external
reference.

Synthesis of nBu-Cp2ZrH3AIH2
All the operations were carried out on a standard high-vacuum line or in a dry-box under nitrogen
(99.999% from Praxair).
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The nBu-Cp2ZrH3AIH2 was synthesized as reported in a previous work, based on the zirconocene
aluminohydrides syntheses reported by Stephan and co-workers.[7] A solution of nBu-Cp2ZrCI2
(3.2x10-3 mol) in diethyl ether (20 mL) was stirred at 00C and 2.2 equiv of LiAIH4 (7.07x10-3
mol) in diethyl ether was dropped during 10 min. The formation of a fine white powder was
observed when the mixture was allowed to warm to room temperature (30 min) and the solution
was filtered. The diethyl ether was evaporated to provide the corresponding zirconocene
aluminohydride in quantitative yield, which was dissolved in tolulene (30 mL).

Supporting of the pre-catalyst (nBu-Cp2ZrH3AIH2/Si02/MAQ)

The supported pre-catalyst was prepared according to the method reported for metallocene
complexes.7

15 mL of a10 wt.-% solution of PMAO (without TMA) in toluene was added to a suspension of
SiO2 (1 g Sylopol 948/20 mL of toluene), previously dehydrated for 6 h at 8000C. The addition of
the PMAO solution was carried out at 0oC, and then the mixture was allowed to warm to room
temperature for 1 h. Then, suspension was heated at 500C for 2 h. The slurry was filtered and
washed twice with toluene to obtain the modified silica (SiO2/MAOQO).

A toluene solution of nBu-Cp2ZrH3AIH2 (3.2x 10-3 mol/30 mL toluene) was dropped to 1 g of
modified silica (SiIO2/MAQ) suspended in 30 mL of toluene, using Al:Zr molar ratio (50:1),
according to formulations reported in the literature for highly active supported metallocenes. [10]
The addition was carried out at 00C an then the mixture was stirred for 12 h at room temperature.
The slurry was filtered, washed twice with toluene and dried in vacuum for 6 h. The content of Zr
(1.97 wt.-%) was determined by atomic absorption (AA), and the supported pre-catalyst nBu-
Cp2ZrH3AIH2/Si02/MAO was stored in a glove box.

Polymerization and Copolymerization Reactions

Polymerization and copolymerization reactions were carried out in a 600 mL Parr reactor
equipped with temperature controller, Ar, ethylene and solvent inlets. Before each polymerization,
the reactor was heated under vacuum for 1 h at 1500C and purged with N2 several times.

The reactor was charged successively with hexane, the cocatalyst solution (PMAO-7, 10 wt.-% in
toluene), and the corresponding amount of comonomer (propylene, 1-butene, 1-hexene or 1-
octene). The mixture was allowed to react as “scavenger” for 30 min, and the pre-catalyst (nBu-
Cp2ZrH3AIH2/Si02/MAQO) suspended in hexane was finally added to the reactor. The
polymerization started by addition of ethylene. Polymerization and copolymerization conditions
for all the runs were as follows: ethylene 65 psig, 150 mL of hexane, polymerization temperature
of 700C, comonomer addition propylene, 1-butene, 1-hexene or 1l-octene (0.1 and 0.2 M), and
polymerization time of 0.5 h.

The polymerization was stopped by rapid depressurization of the reactor, the polymer was washed
one time with acidified methanol (10 wt.% HCI), then rinsed with methanol, and dried in a
vacuum oven for 4 h at 60 oC.

Results and Discussions

Preliminary ethylene homopolymerizations were carried out with the zirconocene aluminohydride
complex supported on Sylopol-948 silica modified with MAO. Zr and Al (7 wt.% and 2.3 wt.%
respectively, on the supported silica) were measured by inductively coupled plasma-optical
emission spectroscopy (ICP, Teledyne Leeman Labs, Prodigy High Dispersion ICO). Results and
reaction conditions for these reactions are summarized in Table 1.

The nBu-Cp2ZrH3AIH2/Si02/MAQO supported on Sylopol-948 silica showed high activities and

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011



67
MACROMEX 2011

productivities, as expected, even at low Al/Zr ratios (additional MAO as co-catalyst). According to
the above results, an Al/Zr ratio around 2000 was set for the copolymerization reactions performed
in this work.

Copolymerization reactions of ethylene with propylene, 1-butene, 1-hexene and 1-octene were
studied under similar conditions, using the zirconocene aluminohydride system.

With the exception of propylene, other comonomers were added at two different concentrations,
and loaded at the beginning of the copolymerization reactions.

Table 1. Preliminary ethylene polymerizations using nBu-Cp2ZrH3AIH2/Si0O2/MAQO supported
on Sylopol-948 silica.

Exp. [Cat] 10-6 | Co-Cat | PE A P
mol (Al/Zr) | (gn) KgPE/molzr h | KgPE/gr Cat
1 2.0 3,250 7.1 46,100 1,900
2 4.1 2,000 6.1 19,500 800
3 1.7 2,000 3.2 25,100 1,000
4 6.6 1,700 3.4 6,942 283
5 4.2 800 5.9 18,600 770

T =700C, 150 mL hexane, PC2= 65 psig, 500 rpom,t=0.5h

Figure 1 shows the ethylene flow consumption in the copolymerization reactions with [_{olefins
compared with the flow consumed in the ethylene hopolymerization under similar conditions.

As can be observed in this figure, homopolymerization reaction was more slowly activated than
copolymerizations, probably due to the “comonomer effect”, which could produce higher
activation rates in the reactions; however, the final activities for propylene, 1-butene and 1-hexene
copolymerizations were lower than homopolymerization.
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Figure 1. Ethylene flow consumption versus polymerization time in ethylene homo and
copolymerization reactions --- C2 , --- C2-C3, --- C2-C4 --- C2-C6, --- C2-C8.

Ethylene and 1-octene copolymerizations showed the highest activities, as reported for other
metallocene systems.8 Table 2 summarizes copolymerization conditions and results obtained for
these reactions. Most of the [T blefins, were probed at two concentrations, what could affect the
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activity of the systems and the molecular weight of the copolymers.

As has been reported for other metallocene systems, a negative "comonomer effect” related to the
activities of the systems, is observed when using propylene, 1-butene and 1-hexene as
comonomers, where the lowest values were presented in 1-butene reactions.9

A decrease of 30% in activity was observed in copolymerizations of propylene, compared to the
activity showed in experiment 2 (ethylene homopolymerization), 79 and 65% lower in 1-butene
and 1-hexene copolymerizations, respectively, and just in the case of 1-octene the
copolymerizations showed a positive effect between 30 — 40% in activity increase.

As for 1-octene reactions, the decrease in the addition of comonomer (Exp. 13-15) led to the
increase of the copolymerizations' activity, however, incorporation grade of this copolymer
resulted the lowest for this set of experiments.

The molecular weights obtained for the copolymers synthesized with any type of alfa-olefin, were
drastically decreased, probably due to the incresase of the termination reactions, when comonomer
concentration increases.

Table 2. Copolymerizations of Ethylene and Different Comonomers  using
nBuCp2ZrH3AIH2/Si02/MAO Supported on Sylopol-948 silica

Exp. | Cop [Comonomer] | A Mw Mw/Mn
(mol/L) mol/L KgPE/molZr h | (g/mol)
2 HDPE* - 19,500 269,552 2.7
7 Propylene | 0.17 12,500 21,603 2.7
8 Propylene | 0.2 13,600 19,333 2.9
9 1-butene 0.28 4,200 11,033 2.8
10 1-butene | 0.17 4,000 110,879 3.6
11 1-hexene | 0.28 6,700 20,590 2.6
12 1-hexene | 0.17 5,600 50,868 2.8
13 1-octene 0.28 24,800 43955 2.7
14 1-octene 0.28 22,500 36,337 2.9
15 1-octene 0.17 32,900 63,422 2.8

T =700C, 4.0- 5.7 X 10-6 M Cat, 150 mL hexane, PC2= 65 psig, Al/Zr =2000 -2400, 500 rpm, t
=0.5h *C2 homopolymerization.

Average comonomer incorporation was determined by 13C NMR using a Bruker DRX
spectrometer operating at 166.66 MHz.

Table 3 shows the incorporation percent, obtained at high comonomer additions (0.2 M), where
propylene showed the highest incorporation (21%, Exp. 8), followed by 1-butene and 1-hexene
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(8.2 and 8.0 mol %, Exp. 9 and 11, respectively).

Comonomer incorporation grade has been related to the steric hindrance produced by the [}
olefins in the copolymerization reactions. As expected, the lowest incorporation was observed for
1-octene (Exp. 13, Table 3), which can produce long chain branchings in the copolymers.

Table 3. Comonomer addition and incorporation in copolymerization reactions

Exp. Cop Comonomer | Comonomer
(mol/L) mol %
Incorporated
8 0.2 Propylene 21.5
9 0.28 1-butene 8.2
11 0.28 1-hexene 8.0
13 0.28 1-octene 5.8

The chemical composition distribution (CCD) of the comopolymers was obtained by
crystallization elution fractionation technique (CEF), using a Polymer ChAR instrument, and
1,2,4-trichlorobenzene as elution solvent.
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Figure 2. Chemical Composition Fractionation (CEF) for the copolymers, --- C2-C3, ---C2-C4 ---
C2-C6, --- C2-C8, and the homopolymer --- C2.

The CEF analyses of the copolymers were determined with a total analysis time of 140 minutes. A
fast crystallization and heating rates of 30C /min was performed for each experiment, where the
separation of two fractions were detected for all the copolymer samples as shown in figure 2.

CEF analysis of HDPE obtained at similar polymerization conditions to that of copolymerization
reactions is also showed in figure 2 (curve in black) in order to compare the number and type of
components fractionated according to their crystallization behavior.

As is observed in figure 2, the chemical composition curve for HDPE (curve in black) shows a
bimodal distribution, which could be expected for the heterobimetallic catalytic system used in
these experiments. Two components shifted to lower crystallization temperatures were separated
for the copolymers obtained with propylene, 1-butene, 1-hexene and 1-octene, where the highest
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comonomer concentration, was found in ethylene-propylene copolymer, as calculated by NMR in
21 mol %.

Conclusions

The activity of the supported zirconocene  aluminohydride  system  (nBu-
Cp2ZrH3AIH2/Si02/MAQO) was probed in the copolymerization of ethylene with different
comonomers (propylene, 1-butene, 1-hexene and 1-octene). Copolymerizations performed with 1-
octene showed the highest activity but the lower comonomer incorporation (5.8 mol %).
Copolymerizations carried out with propylene, showed the highest degree of comonomer
incorporation, maintaining high levels of catalytic activity.

According to the above results, we conclude that nBu-Cp2ZrH3AIH2/Si02/MAOQO system can be
useful in obtaining homogeneous linear low density polyethylene (mLLDPE).
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Abstract

Cationic coordinatively saturated complexes of ruthenium(Il), [Ru(o-C6H4-2-py)(phen)(MeCN)2]+, bearing different
counterions of PF6- and Cl- have been used in the radical polymerization of 2-hydroxyethyl methacrylate in protic
media, and acetone, under homogeneous conditions. Exchange of PF6- by Cl- increases the solubility of the complex
in water. Both complexes led to the fast polymerization under mild conditions but control was achieved only in
organic solvents and was better for the complex with Cl-. The polymerization accelerated in aqueous media and
proceeded to a high conversion even with a monomer/catalyst = 2000/1, but without control. Polymerization
mediated by complex bearing CI- was slower in protic solvents but faster in acetone and always resulted in lower
molecular weight polymers. Thus, the nature of the anion strongly affected the catalytic activity of the complexes and
may serve as way of fine-tuning the catalytic properties.

Introduction

2-Hydroxyethyl methacrylate (HEMA) is a commercially important monomer, and can be
polymerized directly, as is, only via radical mechanism producing hydrophilic polymers [1]. Since
in free radical process control over the molecular weights and terminal groups of the polymer is
nearly impossible, controlled/living radical polymerization approach should be an optimal choice
for the polymerization of HEMA. Metal-catalyzed or atom transfer radical polymerization (ATRP)
is one of the most versatile methods for controlled polymerization of different monomers and
synthesis of well-controlled homo- and co-polymers of non-protected HEMA by ATRP in
different solvents has been reported using both copper and ruthenium-based catalysts [2-4].
However, despite the recent success of the ATRP approach for synthesis of hydrophilic polymers,
the number of catalytic systems which permit the controlled polymerization in protic, particularly
aqueous media, is still very limited. The copper-based catalysts suffered undesirable side
reactions, that requires high content of the catalyst [3]. The ruthenium-catalysts generally are more
tolerant to both hydroxyl-functional group and the presence of water, but the grand majority of the
ruthenium catalysts so far used in ATRP have limited solubility in protic solvents, and especially
in water [4].

This study deals with the direct homopolymerization of HEMA mediated by two cationic
cyclometalated  ruthenium  complexes differed only by anions, [Ru(o-CeHs-2-
py)(phen)(MeCN);]PFs and [Ru(o-CgHas-2-py)(phen)(MeCN),]CI (la and Ib in Fig. 1) under
mild conditions. Catalysts of this kind have been reported for controlled/living radical
polymerizations of traditional hydrophobic monomers [5]. Because of their ionic nature these
complexes are reasonably soluble in protic solvents and this represents a considerable advantage
for the polymerization of hydrophilic monomers. Kinetic features of the polymerization and the
catalytic behavior of the complexes in different solvents: acetone, methanol, methanol-water
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mixtures and pure water have been investigated. It has been shown that counterion has very strong
effect on activity of the catalyst and controllability of the polymerizations in both protic and
aprotic media.

Experimental

Synthesis of the catalysts

The complex 1a, bearing PFg-, was synthesized according to the reported procedure [6] and
complex 1b, with CI- anion, was prepared by the ion exchange reaction using activated amberlite
column. The complexes were characterized by *H NMR, *!P NMR, IR and MS techniques.

N NN
/RU\N PF, Cl
N L
// i
A
la Ib

Figure 1. Structures of the catalysts.

Polymerization procedures

Homopolymerizations were conducted in solutions (50/50 v/v) using the Schlenk technique.
Homogeneous solutions were formed immediately at room temperature and the reaction tubes
were immersed in an oil bath preheated at the desired temperature. The polymerizations in acetone
and MeOH were carried out at 50 °C and in water at 40 °C. In the majority of the experiments, the
initial molar ratio of [Monomer]o/[Catalyst]o/[Initiator]y = 200/1/1 was held. Ethyl-2-
bromoisobutyrate (EBIB) was used as an initiator. The conversions were determined
gravimetrically and the current monomer concentration, [M], was determined by subtraction of the
amount of the polymer from the initial monomer. The molecular weights and molecular weight
distribution were analyzed by GPC (Waters 717) equipped with RI detector using 10 mM solution
of LiBr in DMF as an eluent. The polymer samples were injected in GPC without purification.
Radical mechanism of the polymerizations was confirmed using TEMPO as radical scavenger in
MeOH and water reactions.

Chain Extension Experiments were conducted under identical conditions to the
homopolymerizations, using as a macroinitiator PHEMA previously synthesized with Ib and
EBIB in MeOH at 50° C within 20-25 % of conversion. The PHEMA macroinitiator was purified
passing through a silica column, dried in vacuum and then applied as a initiator for the next
polymerization of HEMA.

Results and Discussion

Semilogarithmic kinetic plots and evolution of the molecular weights (Mn,gpc) with conversion
for the polymerizations catalyzed by la in MeOH and acetone at 50° C are depicted in Fig. 2. Both
polymerizations were fast and proceeded to high conversions. An insignificant acceleration
observed in acetone after 4 h of the polymerization (60% conversion) may be explained by "gel-
effect” since acetone is a poor solvent for PHEMA, but the effect was very weak compared to that
reported for the free radical polymerizations [7]. The Mn obtained by GPC were higher than the
calculated values (shown by dashed line in Fig.2) but increased almost linearly with conversion in
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both solvents and the polymers of very similar molecular weight were obtained at the end of the
reactions (Mn GPC = 36800 at 82% in MeOH and 43800 at 87% in acetone), but MeOH
polymerization resulted in less polydisperse PHEMA.
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Figure 2. Kinetic plots and evolution of the molecular weights (Mn,GPC & PDI) with conversion for polymerizations
of HEMA catalyzed by la at 50 °C in methanol (e) and acetone (m).

Complex la is soluble in organic protic solvents, but is insoluble in water even at elevated
temperatures. In order to investigate how the hydrophilic nature of the catalyst may affect the
polymerization, several polymerizations mediated by Ib were carried out. This complex is
structurally identical to la and the only difference between them is the counterion (see Fig. 1).
Exchange of PFs- by Cl- allowed to improve dramatically the solubility in water and at the same
time did not affect other important properties (reduction potential, extinction coefficients, etc.).
The important role of counterion for both copper and ruthenium catalysts in ATRP has been
discussed in several publications, and it has been shown that counterion has a strong influence on
the catalytic activity and on the control in the polymerization [8]. However, the information
available on the nature of this phenomenon remains limited, particularly for ruthenium, since the
grand majority of the complexes studied so far are neutral.

Data of the HEMA polymerization mediated by Ib in MeOH, acetone and water are presented in
Fig. 3.
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Figure 3. Kinetic plots and evolution of the molecular weights (Mn,GPC & PDI) with conversion for polymerizations
of HEMA catalyzed by Ib at 50 °C in methanol (e) and acetone (m) with the initial molar ratio of
[HEMA]o/[Ib]o/[EBiB]o = 200/1/1 and water at 40 °C with the initial molar ratio of [HEMA]o/[I1b]o/[EBIiB]o =
200/0.1/1 (A).
Surprisingly, the polymerization catalyzed by Ib was faster in acetone but slower in MeOH than
that mediated by la under similar conditions (compare Fig.2 and 3) but resulted in lower
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molecular weight polymer in both cases. GC analysis demonstrated that more than 90% of EBiB
was consumed in first 30 min in the reaction mediated by Ib and only 60% in that mediated by la.
Thus the higher molecular weight PHEMA synthesized with la may be explained by relatively
low efficiency of the initiator in these polymerizations. The dependence of Mn on conversion was
linear for the MeOH and acetone polymerizations catalyzed by Ib; PDIs abruptly narrowed in
acetone and were quite narrow at high conversions (below 1.3). Taking into account the difference
between the real molecular weight determined by *H NMR and the molecular weight obtained by
GPC calibrated by PMMA standards, we may conclude that for Ib, the molecular weights of
PHEMA coincided well with the estimated values, meaning there was a better controlled
polymerization [9].

Polymerization rates in water mediated by la and Ib increased dramatically in comparison with
polymerizations carried out in acetone and MeOH despite ten degree lower temperature:40 °C in
water vs 50°C in MeOH & acetone, but the control was very poor. The results of the
polymerizations catalyzed by la in MeOH/water mixtures are shown in Table 1. Meanwhile the

data for the water polymerizations catalyzed by different amounts of Ib are shown in Table 2.
Table 1. Polymerizations of HEMA in methanol, water/methanol mixtures containing varying amounts of water at

40°C. [HEMA]o/ [1a]o /[EBiB]o = 200:1:1.

MeOH / H20 Time  Conv. Mn, GPRC X 10-3  Mn, th X 10-3 __ PDI
(VIv) (h) (%) (g/mol) (g/mol)

100/0 24 - - - -
85/15 6 24 17.5 6.2 1.88
50/50 6 69 44.9 18.0 1.93
15/85 3 83 716 21.6 2.09
0/100 2 90 110.0 25.7 2.00

Table 2. Polymerizations of HEMA in water at 40 °C at different initial molar ratio of [HEMA]o/[1b]o/[EBiB]o.

Initial molar Time Conv. Mn, GPC X 10-3 Mn, th X 10-3 PDI

ratio (h) (%) (g/mol) (g/mol)

200/1/1 3 87 56.4 22.6 1.86

200/0.5/1 1 36 70.1 9.6 2.06
3 93 69.4 24.1 2.49

200/0.1/1 2 25 107.6 6.5 2.66
6 84 114.6 21.8 2.61

The living nature of the polymerization was verified by the chain extension methodology.

(a) b}

Chain-sxtended PHEMA Chain-extended PHEMA PHEMA-Br
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Figure 4. GPC curves of PHEMA-Br macroinitiator and its chain-extended polymer obtained with Ib complex at
50°C (a) in methanol and (b) methanol/water mixture.

The GPC traces of the PHEMA macroinitiators and the chain-extended polymers obtained in
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Meoh and MeOH/water mixture (80/20 v/v) are shown in Fig. 4a and 4b correspondingly.

Conclusions

Cyclometalated cationic complexes la and Ib, differing by the type of anion only, were able to
catalyze fast radical polymerization of HEMA. The reaction proceeded under very mild conditions
and achieved high conversions The level of control was different and depended on the catalyst and
the polymerization conditions. The polymerization was controllable in organic solvents with both
complexes but the control was better with la. The importance nature of the counterion was
demonstrated. The polymerization accelerated significantly in the aqueous medium but proceeded
without control.  High activity together with good stability shown by Ib in the aqua
polymerization makes it a promising candidate for controlled polymerizations of hydrophilic
monomers [9].
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Abstract

Microfluidic device [1] also called "lab on chip”, is a concept that integrates in a single device all
the necessary components to allow activities such as: dosage of medicines by microdoses, micro
chemical synthesis, or the microanalysis of complex reactions, all of them, with the smallest
amount of sample and reagents. In the construction of such devices, it is important to consider the
biocompatibility of materials where polymers such as poly(dimethylsilicone) (PDMS) and
poly(acrylic) (PMMA) can be considered as a good option [2]. However it is necessary to prepare
a material with good mechanical properties. Here, we report the synthesis of the copolymer
poly(dimethylsilicone-b-methylmethacrylate) through the combination of anionic ring opening
polymerization and atom transfer radical polymerization (ATRP). PDMS macroinitiator was
obtained by anionic polymerization of hexamethyltrisiloxane (D3) initiated by butyllithium, the
living polymer was then quenched with chlorodimethylsilane. Hydrosilylation of 2-Bromo-2-
methyl-allyl-propanoate, produces a poly(dimethylsilicone)-omega-functionalizated ATRP
initiator with a 98% of functionalization calculated by 1H-NMR and well defined molar mass
distribution. Copolymerization with methylmethacrylate using PMDETA, copper chloride (CuCl)
and methylethylketone as solvent gives high yield of the block colpolymer poly(dimethylsilicone-
b-methylmethacrylate). Macroinitiator and block copolymer were both characterized by NMR,
GPC, FT-IR, and DSC.

Introduction

A microfluidic device comprises a promising concept for the application of several pharmaceutical
treatments in micro-doses, and other applications such as micro-reactors, microanalysis (also
named “total analysis system”, uTAS or lab on chip). Such type of chemical devices integrates all
the components needed to perform a specific analysis in a single device. By this way, chemical
synthesis or pharmaceuticals delivery with the minimum needed amount of sample and reagent
can be possible. However, in the development of these devices it is important to consider the
biocompatibility of materials.

One of the most versatile materials for the construction of devices for biological applications is the
polydimethylsiloxane (PDMS) [3]. However, due to its elastomer character, the preparation of the
micro canals, pipes or ducts to conduct fluids becomes a difficult scientific topic. To pursue this
objective, materials with processability properties of the thermoplastic material and the
biocompatibility and mechanical properties of the elastomer must be synthesized.

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011



77
MACROMEX 2011

Methylmethacrylate is a polymer with good mechanical properties that can also be compatible
with biological systems.

Block copolymers belongs to an interesting class of materials, with a well-defined composition
and architecture. They have unique and suitable properties for a wide variety of applications;
commercially, they are used for example, as elastomers thermoplastics, adhesives, or surfactants.

In general, block copolymers are prepared through a sequential polymerization of two different
monomers, using the same polymerization technique. However, recently, several efforts have been
performed to get block copolymers either by the combination of different polymerization
tecniques or functionalization of the ending group in a growing chain where this new group will
be now capable of initiate the polymerization of a second monomer.

Living ionic polymerization methods, have been used for the synthesis of well-defined block
copolymers, however these methods are highly sensitive to impurities and require strict reaction
conditions. The available methods of controlled radical living polymerization (CRP) [4], offer the
advantage of less demanding experimental conditions for the preparation of copolymers block, as
well as other complex structures.

The more widely studied and promising methods of CRP techniques are polymerization mediated
by nitroxides (NMP) [5], polymerization by reversible chain addition fragmentation transfer
(RAFT) [6,7] and atom transfer radical polymerization (ATRP) [4, 8-10]. Acar and Matyjaszewski
[11] reported the preparation of block copolymers using a combination of two different living
techniques: anionic and ATRP.

Here we report the preparation of poly(dimethylsiloxane-b-methylmethacrylate) through the
anionic polymerization of hexadimethyldisiloxane with the functionalization of the ending group
with dimethylsilane. ATRP initiator was introduced at the end of the PDMS polymer chain by the
employment of the hydrosylilation reaction. The block copolymer was obtained when the PDMS
macroinitiator was polymerized with MMA by the ATRP methodology.

Experimental

n-Butillitum (n-BuLi). Metallic lithium was washed several times with hexane, cutted in small
pieces and placed into a three necked flask of 1 L equipped with condenser and addition funnel.
Then, a small amount of sodium and 150mL of hexanes were added to the flask, followed by
27.18 g (0.29 moles) of chlorobutane (n-BuCl) which was added drop wise through the addition
funnel. The temperature was fixed at 0°C using an iced bath for 4 to 5 hours. The n-BuL.i solution
was decanted and transfered to a clean and under inert atmosphere flask through a cannula under
pressure of argon. Finally, the concentration was determined by the ASTM E233 - 90 technique.

Poly(dimethylsilyl) hidrosilyl omega functionalized (PDMS-Si-H). In a gloves box, 26.498 g
(119.109 mmol) of hexamethyldisiloxane (D3) were placed into a Schlenk type flask fitted with a
magnetic stirrer. 10 mL of THF and 20 mL of toluene were then added and the solution stirred
until D3 was completely dissolved. Then 0.909 g (1,314 Mmol) mL of n-BuLi were added to the
reaction mixture and kept reacting for 12 h in agitation at room temperature. Once the reaction
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time was completed, 1.434 g (15.151 mmol) of dichlorodimethyl silane freshly distilled were
added dropwise. The mixture was kept at room temperature overnight in argon atmosphere. Later,
the solvents were distilled under vacuum, 1 mmHg at room temperature. Finally, the reaction
mixture was filtered using a Schlenk type filter under inert atmosphere, leading to a non-colored
polymer with 90% yield. 1H NMR (300 MHZ, CDCI3 (0% TMYS)) o: 4.72 (q, 1 H, Si-H), 1.33 (m,
4 H, CH3-CH2-CH2), 0.90 (t, 3 H, CH3-CH2), 0.57 m, 2 H (CH2-Si) 0.10 (s, 6 H, the PDMS
methyl).

10.27 g (0.578 mmol) of PDMS-Si-H (Mn = 17775), 0.767 g (3.466 mmol) of allyl 2-bromo 2-
methylpropionate and 29 mL of toluene were placed in a Schlenk tube equipped with a magnetic
stirrer. At the same time, in another Schlenk tube 2.0 mg of methyl naphtoquinone (1.16 x 10-5
mol) and 18.5 mL of toluene were placed, and a yellow homogeneous solution was obtained. To
this solution, 56.36 pL (5. 777 x 10-6 mol) of the Karstedt's reagent as catalyst were added. This
solution was added to the solution contained in the previous Schlenk tube through a cannula at
room temperature. The reaction is placed in an oil bath at 70°C +/-0.1°C for 24 hours. The solution
was precipitated in 300 mL of methanol with vigorous agitation and purified by liquid column
chromatography using neutral alumina. The product was obtained in a 93% yield 1 H NMR (300
MHz, CDCI3 (0% TMS)) &: 4.15 (t, 2 H, O-CH2), 1.93 (s, 6 H, C (Br)-(CH3) 2), 1.70 m, 2 H
(CH2-CH2-CH2-0) 1.40 m, 2 H (CH2-CH2-CH2-CH2) 1.33 (m, 4 H, CH3-CH2-CHZ2), 0.90 (t, 3
H, CH3-CH2), 0.57 m, 2 H (CH2-Si) 0.10 (s, 6 H, methyl group in the PDMS) ppm. Functionality
was determined by the ratio of integration between the methyl isobutyrate at 1.93 ppm and the
protons of the methyl group in the initiator n-butyl at 0. 90 ppm, yielding a 95%.

Block copolymerization: A mixture of 0.0717 g (0.5 eq, 02497 mmol) of CuBr, 0.0575 g (0.5 eq,
0.2497 mmol) of HMTETA, 10 g (200 eq, 99.80 mmol) of MMA in methylethylketone as solvent
and 0.487 g (0.5 eq, 0.2497 mmol) of the prepared macroinitiator PDMDS-ATRP, were placed in
a Schlenk tube previously evacuated. This mixture was degassed by several vacuum-criogenic
cycles in liquid nitrogen. After this process, the tube was sealed and placed in an oil bath at 75°C.
Once the reaction time was reached, the reacting mixture was withdrawn from the oil bath and its
content dissolved in THF and precipitated in hexane. The polymer was then filtered and dried
under vacuum.

Results and Discussion

The strategy followed to obtain the thermoplastic elastomer PDMS-b-PMMA is through a
macrointiator prepared from the funcionalization of polydimethylsiloxane at the end of the
growing chain with a reactive group which is able of initiate a second polymerization reaction.
Due to the chemical nature of the monomers, the first step was the anionic ring opening
polymerization of D3 followed by the in situ functionalization by dimethylchloro silane. The
PDMS-Si-H can be later modified with allyl 2-bromo-2-methylpropanoate by the Kardest
reaction. By this way, the prepared macroinitiator contains a group capable of initiating an ATRP
reaction.

The synthesis of this macroiniciador was achieved using a polymerization which started with the
reaction of n-butyl lithium and D3 (molar ratio of 1:0.01) followed by the addition of an excess of
chloro dimethylsilane (Scheme 1). The viscous solution obtained at the end of the reaction was
distilled to remove the unreacted monomer, and filtered through a Schlenk type filter to eliminate
the formed salt (LiCl). The resulting PDMS polymer is end functionalized with - Si-(CH3)2-H and
the percent of functionalization was determined by comparing integration for the signals at 0.90
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ppm that corresponds to the resonance of methyl protons in butyl group from the initiator and the
resonance of the hydrosylil proton at 4.72 ppm. According to this procedure, 95 % of functionality
was calculated. The GPC analysis for the macroiniciador showed a 20,000 g/mol molecular weight
and polydispersity of 1.2, indicating the living character of the polymerization..
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Scheme 1. Polymerization of hexamethyldisiloxane with butyl lithium.,

Once the intermediate was prepared by anionic polymerization, the reaction of hydrosilylation of
the allyl 2-bromo-2-methylpropanoate employing the Karstedt’s catalyst and the PDMS-Si-H
polymer was accomplished. This reaction was used to produce a monofunctional macroiniciador
which contains an ATRP initiator on its structure. Methyl naphtoquinone was used as catalyst for
this reaction which was completed after 24 hours at 70°C in toluene. The 1H NMR and FTIR
spectra of the reaction product, showed that the hydrosilyl group was completely consumed, as
depicted by the disappearance of the Si-H resonance at 4.75 ppm in NMR and the stretching band
at 2128 cm-1lin FT-IR. A new band appears at 1736 cm-1 which corresponds to the stretch of the
carbonyl group present in the propionate moiety. Additionally a triplet resonance (J=8Hz) at 4.18
ppm is now present, corresponding to the methylene protons near to the oxygen atom in the ester
group. Taking into account the spectroscopic evidence, we assure the presence of the desired
compound.
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Scheme 2. Preparation of the PDMS macroinitiatior

ATRP polymerization is sensitive to the solvent polarity and could affect the structure of the metal
complex, and the rate polymerization [12]. Zhang and Shubert [13] studied the effect of the
solvent in the ATRP of MMA catalyzed with FeBr2/N-Alkyl-2-pyridilmethanimine as ligand; they
found that the use of methyl ethyl ketone (MEK) gives greater polymerization rate and better
control over the molecular weight in MMA homopolymerization. Therefore, MEK was used in the
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following block copolymerization studies.

The reaction of copolymerization of MMA by ATRP was initiated with the PDMS-Br
macroinitiator (MW = 20,381 g/mol, dispersity = 1.2) and catalyzed with CuBr, using
pentamethyldiethylenetriamine (PMDETA) as ligand and MEK as a solvent at 75°C, in a molar
ratio of MMA:PMDETA: CuBr:PDMS - Br / 200: 1: 1: 1. Molecular weight of the obtained
copolymer was 28,256 g/mol, with PD = 1.3 and initiation factor (f) of 0.8, defined as the ratio
between expected molecular weight divided by the experimental molecular weight of the
copolymer. This data is important and can be considered as a measure of the control of the
copolymerization reaction.
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Scheme 3. Preparation of the block copolymer poly(dimethylsiloxane-b-methylmethacrylate) by
ATRP.

Characterization of the block copolymer was conducted by analytical methods. Differential
scanning calorimetry confirms the synthesis of the block copolymer by the presence of two glass
transition temperatures; one of them located at 229 K and corresponding to the transition of the
block of polydimethylsiloxane. The other one at 393 K belongs to the polymethylmethacrylate
block. The infrared spectrum shows a characteristic signal for the stretch of the carbonyl group on
the methacrylate group at 1736 cm-1 and the stretch for the C-O bond of the methoxy group at
1020 cm-1. The copolymer also presents the signals corresponding to the stretch of Si-O and
SiCH3 in 1096 and 811 cm-1 respectively.
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Scheme 4. FTIR spectrum of the block copolymer poly(dimethylsiloxane-b-methylmethacrylate).

NMR analysis was used to determine the copolymer composition of the two monomers, relating
the integration for each proton from the resonance of 3 protons of the methoxy group at 3.60 ppm
(Hm), with the integration of each proton for the 6 protons of the two methyl groups attached to
the silicon atom in the polydimethylsiloxane which has resonance at 0.1 ppm. According to this
analysis, the composition of the block copolymer corresponds to 42% w/w for methylmethacrylate
and 58% w/w for dimethylsiloxane.

Conclusions

The macroinitiator of PDMS omega functionalized with the group 2-bromo-2-methyl propionate
(PDMS-Br) which is able to initiate a copolymerization with acrylic monomers was prepared. The
strategy of synthesis starts with the anionic ring opening polymerization of
hexadimethyldisiloxane, subsequent transformation by the hydrosylilation reaction. The
brominated polymer was obtained with high percent of functionality (92%). This new polymer
was used to initiate the copolymerization of methylmethacrylate by ATRP. The polymerization
process was conducted with well controlled behavior.
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Abstract

The macroinitiators of brominated polystyrene (mPS-Br) were synthesized using N-Bromosuccinimide (NBS) and
azobis-isobutyronitrile (AIBN) with different molar ratios, at 120°C and reaction time of 3h. Macroinitiators with
varying bromine content were obtained, these brominated species can be used as macroinitiators in the preparation of
graft or block copolymers.. The used polystyrene is atactic with a molecular weight (Mn) of 81000 g/mol and
molecular weight distribution (Mw/Mn) of 1,8. Under these reaction conditions, the brominated polystyrenes were
obtained with yields ranging from 50-98%. The analysis by GPC determined that the macroinitiators mPS-Br
displayed a reduction of the Mn. The macroinitiators obtained with greater molar ratio [NBS]/[AIBN] displayed the
lowest Mn, and the molecular weight distribution did not undergo great changes. Graft polymerization with MMA
were obtained by the use of this brominated macroinitiators trough the ATRP polymerization technique with
CuBr/N,N,N,N,N-pentamethyl diethylenetriamine. The high reaction rate was obtained for graft copolymerization
when high concentration of macroinitiator mPS-Br was used, favoring the gel formation. The versatility of the graft
copolymerization was evaluated when a set of polymers were prepared with different quantities of MMA these
materials were analyzed with NMR spectroscopy. In absence of macroinitiators mPS-Br, under identical ATRP
reaction conditions, PMMA was not produced.

Introduction

Controlled radical polymerization techniques (CRP) can offer the possibility of preparation of new
materials that can be used for different applications. One of them are the graft copolymers which
are a typical examples of materials that has application in the field of high impact materials,
thermoplastics elastomers, surface modifiers, polymeric emulsifiers, among others.

Atom transfer radical polymerization (ATRP) is CRP technique which has a great versatility in the
preparation of graft polymers with a variety of functionalized monomers, and allows
polymerization at high impurity levels. Particularly, ATRP is insensitive to oxygen traces, which
are quickly removed by the oxidation of the ATRP catalyst. Most typical ATRP catalytic systems
are commercially available, and can be used as acquired without modifications, for practical uses
[1,2]. ATRP technique exhibits a rapid and reversible equilibrium process between dormant and
growing species.

The main feature of the ARTP is the reversible consumption of highly active free radicals driving
to a dormant species that can be reactivated to free radical, controlling the propagation step and
decreasing the possibility of the termination through recombination or disproportionation. The
controlled polymerization conditions arrives from the magnitude of the activation-deactivation
equilibrium showed on the Figure 1.
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Figure 1. ATRP mechanism

The use of styrenic polymers as macroinitiators in the synthesis of copolymers through controlled
polymerization techniques, has been widely studied. Most of the reports are related to the grafting
onto the phenyl group, and just a few of them deal about the formation of block copolymers. [3-8]
Our research group is interested in studying the synthesis of new polymers using different
polymerization techniques. Recently, we report the first results related to the synthesis of
copolymers based on styrene (S) and methylmethacrylate (MMA) using macroinitiators based on
bromine functionalized polystyrenes (PS), through ATRP technique. This polymerization method
allowed us to obtain block copolymers with different MMA contents. Macroinitiators were
synthesized in situ, after syndiotactic styrene polymerization in presence of elemental bromine.
[9].

Here we report the synthesis of graft copolymers PS-g-PMMA, using ATRP technique and
brominated macroinitiators. Bromined PS macroinitiators (mPS-Br) were prepared with the
reaction of PS, N-Bromo succinimide (NBS) and isobutyronitrile (AIBN) at different
[NBS]/[AIBN] molar ratios at 120°C, for 3 h The grafted PMMA chains were detected on the PS
main chain

Experimental

A glacial acetic acid solution of cupper bromide 1 (Cu(l)Br, Aldrich 98%) was stirred under inert
atmosphere during 24 hrs. The mixture was degasified by several freezing-nitrogen cycles, filtered
through a glass frit filter and then washed with acetic acid, ethanol and ethylic ether. After this
procedure, Cu(l)Br was dried at 40°C for three days under reduced pressure (2mm Hg), and then
the solid was storage under inert atmosphere.

N,N,N’,N*’,N’’-Pentamethyldiethylentetramine (PMDETA, Aldrich), Trichlorobenzene (TEDIA,
HPLC spectra), Acetone (J.T. Baker 99%), Hexane (J.T. Baker 99%) and Tetrahydrofurane
(Aldrich CHROMASOLV for HPLC 99.9% inhibitor free) are used with out purification.
Methylmethacrylate (Aldrich 99%) was purified with magnesium sulphate under inert atmosphere,
and distilled at 60-67°C under reduced pressure of 2 mm Hg. 2,2-azo-bis-isobutyrenitrile (AIBN)
was re-crystalized in diethylether at -10°C. N-Bromine Succinimide (NBS) was dissolved in 300
mL of boiling water. Next, the water solution was cooled at 5°C for 48 h. filtered and dried in
vacuum.

Synthesis of Macroinitiator M20
A solution of Polystyrene (0.048 mol, Mn = 81000 g/mol, Mn/Mw = 1.8) in 50 mL of
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Trichlorobenzene was added at 120°C 0.0235 mol of NBS and 0.00304 mol of AIBN under inert
atmosphere. The mixture was stirred for 180 min, after de stipulated time the reaction, was
warmed at room temperature and spilt in a glass of precipitates with hexane , the precipitated
polymer was washed with acetone in order to eliminate the NBS that did not react. The polymer
was washed again with hexane and dried under vacuum at room temperature for 8h, the yield was
51.8 %, the molecular weight, Mn = 10658 g/mol and polydispersity, Mn/Mw = 1.8.

Synthesis of copolymer PS-g-PMMA 2

The copolymers were synthesized following ATRP's normal procedure. 9.36*10* mol of CuBr ,
9.36*10 mol PMDETA, 0.147 mol of methylmethacrylate and 9.38*10° mol of macroinitiator
mPS-Br. were added to Schlenk flask under inert atmosphere. Then the mixture was allowed to
stir at a temperature of 30°C for 20 min. After this time, the resulting mixture was precipitated
using an excess of methanol, the graft copolymer was filtered and dried under vacuum for 5h, the
yield was 2.1%, the molecular weight Mn = 20162 g/mol and polydispersity Mn/Mw = 4.7.

Characterization Methods

Molecular weight (MW) and molecular weight distributions (MWD) for macroinitiators and
copolymers were determined by gel permeation chromatography technique (GPC) at low
temperature, using a GPC Hewlett Packard serie 1100, coupled to a PL GEL column, Mixta 1K-
4M and 400 K-40M 10 6 A° with index refraction detector using polystyrene standards, and THF
(Aldrich CHROMOSOLV for HPLC 99%) 1 mL/min as flow solvent, at 40°C. Proton NMR
spectra, were determined in a Nuclear Magnetic Resonance equipment, JEOL 300 MHz FT NMR
spectrometer Eclipse 300, using CDClI; as solvent. Thermal analyses were evaluated by scanning
differential calorimetry, in a DSC 2920 modulated DSC, TA Instruments equipment with a heating
ramp of 10°/min from 0 — 280°C under 50 mL/min flow of UAP nitrogen. FTIR spectra were
determined using a Nicolet FT-IR Magna 550 spectrometer, provided with a KBr optical
interpherometer, which operation range between 7000 — 30 cm™ has a 0.5 cm™ of resolution.

Results and Discussion

Usually low molecular weight alkyl halides (RX) are used as initiators for ATRP reactions,
compared to other alkyl halides, for example if we compared the use of the three halogens,
bromine is most utilized by far, due to its lower bond energy dissociation (C-Br)[10]. The use of
telequelic polymers containing C-Br terminal functionalities, has been less reported, compared to
functionalized polymers with bromine atoms distributed along the polymeric chain, where is
possible to graft other polymer chains.

In a previous work we reported the use of telequelic polystyrenes, with bromine terminal chains as
initiators for ATRP polymerizations. In the present work we are reporting the use of
polybrominated polystyrene (mPS-Br) which contains bromide along the polymeric chains, for
evaluation as macroinitiators in ATRP reactions. The mPS-Br was synthezised from atactic PS
and NBS, using AIBN as initiator, as represented in Figure 2.
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Figure 2. Synthesis of bromided Polystyrene

Polystyrene used for the synthesis of mPS-Br macroinitiators was obtained from radical
polymerizations, with molar mass of Mn = 81,000 g/mol and polydispersity of Mw/Mn= 1.8,
determined by GPC.

Polystyrene bromination reaction was conducted at high temperature (120°C), using
trichlorobenzene as solvent. At these conditions, interactions between PS and NBS/AIBN showed
a rapid gas generation, which suggested that bromination reactions were taking place, and the
homogeneous solutions were reacting for 3 hrs. NBS/AIBN molar ratios of 7.7 and 1.9 were used
for bromine functionalization reactions, and Table 1 summarizes the results obtained for both
experiments.

Table 1.- Functionalization conditions and results of bromination reactions
Exp. | PS | NBS AIBN Y(%)® | Mn® | (Mw/Mn)°
mol | mol mol
20 |0.048]2.35*107 | 3.04*10° [ 51.8 | 10658 | 1.8

28 ]0.048 | 5.89*10° | 3.04*10° | 98 45507 | 2.2
a) Gravimetric method b) GPC analysis, polystyrene standards

Experiment 20 corresponds to the PS functionalization reaction carried out at higher concentration
of NBS/AIBN (7.7 mol). The functionalized mPS-Br was obtained in yields of 51.8%.
Macroinitiator M20 showed Mn = 10,658 g/mol, lower than the Mn of the initial PS, which
suggests that the strong reaction conditions (NBS/AIBN ratio) could provoke fragmentations of
the C-C bonds, on the starting PS. On the other side, the use of lower NBS/AIBN ratios led to
higher yields and molecular weights of the macroinitiator M28 (98 % and Mn= 45 507 g/mol
respectively). Bromine functionalization of PS decreased its molar mass, close to the NBS/AIBN
ratio used during the functionalization reaction. As for polydispersity values, there was no
significant changes observed for the Mw/Mn of the new macroinitiators, which could represent an
advantage for this functionalization method, since ATRP macroinitiators of low molecular weight
and narrow molecular weight distributions are desirables for obtaining block copolymers.
Macroinitiators (mPS-Br) M20 and M28 were also characterized by elemental analysis, and these
results are showed in Table 2.

Table 2.- Macroinitiators elemental analysis
Macroinitiator | %C %H %Br*
M20 87.64 |6.86 5.50

M28 80.81 |6.70 12.49
a)Calculated as complement to 100%
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In terms of Br mol % of functionalization, PS was modified at 5.5 and 12.5 mol % for M20 and
M28 respectively. The highest bromide incorporation was achieved using a NBS/AIBN ratio of
1.9, where several experimental evidences suggested that high NBS/AIBN ratios favour the
rupture of C-C bonds over the bromation reaction in the polymeric chains.

Macroinitiators characterization by FTIR showed evidences about the bromation sites in the PS.
FTIR spectra show strong bands at 699 cm™ corresponding to para hydrogen of the aromatic
group, and other stretching band at 539 cm™ was observed for the C-Br bond.

The *H NMR analysis of macroinitiators mPS-Br also showed evidences of functionalization
along the polymeric chain (Figure3). Signal integration of aliphatic protons is lower than expected,
comparing to that of aromatic protons. This suggests that bromation was carried out along the
main polymeric chain. *H NMR spectrum displayed signals corresponding to PS and two new
signals. Resonance at 1.5 ppm is due to CH, protons from the main polymeric chain, adjacent to
C-Br bonds. Signal at 3.75 ppm corresponds to the typical chemical shift of CH-Br, which can
also account as an evidence of bromation of CH, groups along the PS chains. Chemical shifts for
other CH, brominated polymers, have been reported between 3.3-3.9 ppm [11], however, in order
to confirm the above for this PS functionalization, a more detailed study for the macroinitiator
structures mPS-Br was carried out.
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Figure 3. 1H NMR spectrum of Macroinitiator M20

Functionalized polystyrenes (mPS-Br) were evaluated as macroinitiators in the polymerization of
MMA, through ATRP at room temperature, for avoiding chain transfer reactions. Higher molar
ratios of CuBr/mPS-Br than used in conventional ATRP reactions were used in these
polymerizations, because the macroinitiators contain more than one active site (Figure 4). In
addition, copolymerizations were carried out in bulk, using different amounts of MMA. Table 3
shows copolymerization reaction results using M20 macroinitiator.
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Figure 4. MMA copolymerization with functionalized polystyrene by ATRP

Experiment G21 was conducted at the highest M20 and MMA concentration utilized in these
reactions, using a molar ratio of CrBr/M20 = 14. During the first 20 minutes of reaction, an
increase in the solution viscosity was clearly observed, and at 45 minutes gel formation prevented
agitation of the mixture, ending the copolymerization reaction.

Grafted copolymer (PS-g-PMMA) yield was of 36.6 wt % and the insoluble part was quantified as
31 wt %. Soluble polymer was characterized by GPC, showing Mn = 12,861 g/mol and MW/Mn =
4.5. The gel formation was attributed to the radical-radical coupling reactions between
macroinitiator molecules, which are functionalized along the polymeric chains.

Table 3.- MMA copolymerization results using macroinitiator M20
Exp |RT. |[[a-PS-Br] | [CuBr] |MMA |[Y (%)?|Mn° (Mw/Mn) °
(min) | mol Mol mol

G21°¢ |45 0.38*10™ | 1.34*10° | 0.1782 | 36.6 12861 | 4.5
G22 |20 0.38*10° | 9.36%10" | 0.147 | 2.1 20162 | 4.7
G23 |20 9.38*10° | 9.36*10" [ 0.135 |0.74 18473 | 3.1
G259 20 0.38*10° | 1.35%10° | 0.217 | 1.5 981798 | 1.4
G30° | 50 9.38*10° | 1.7*10”* |0.023 | 7.2 1220538 | 1.2

a) gravimetric method; b) GPC analysis, polystyrene standards; c) 31 wt .% gel
d) Mn=14421 g/mol y (Mw/Mn) 3.7 e) Mn= 22832 (Mw/Mn) = 2.6

In order to get a better MMA graft copolymerization control, experiment G30 was carried out at
low M20 concentration, where gel formation was not observed, even after 50 minutes of reaction.
However the GPC analysis of the PS-g-PMMA displayed two curves on its chromatogram,
suggesting bimodal distributions for the grafted copolymers. Molar mass data of these copolymers
are showed in Table 2.

It is important to note that MMA homopolymerization is not detected in the copolymerization
reactions, since at these conditions, MMA was not polymerized in the absence of the
macroinitiator mPSBr.

Polymerizations carried out using 9.38*10° moles of macroinitiator M20 and molar ratios of
Cu/M20 higher than 14, correspond to G22 and G23 experiments (Table 3). For both G22 and
G23 experiments, the use of Cu/M20 = 100 and 20 minutes of reaction time, led to the production

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011



89
MACROMEX 2011

of PS-g-PMMA in 2.1 and 0.74% yields respectively, no gel formation was detected, and their
GPC chromatograms showed a broad monomodal curve of wide molar mass distributions.

As for G25 experiment, a higher ratio Cu/M20 = 144 and 20 minutes of reaction time were used,
in order to favor the free radical generation for production of the grafted copolymer, however the
yield of the copolymer did not increase significantly, and as in the above reactions, a bimodal
distribution of molecular weights was observed. According to these observations, it appears that
beside the grafting MMA reaction, coupling reactions between macroinitiator chains are also
taking place. Macroinitiator coupling reactions increases as the reaction progress, until gel
formation.

In order to probe the above, experiment G21, which produced 6.6 yield % of Ps-g-PMMA and 31
wt.% gel, was reproduced at shorter reaction times of 20 min. Under these copolymerization
conditions, 14 yield % of the grafted copolymer was observed, without gel formation in the
copolymer. GPC analysis of the grafted copolymer, showed bimodal molecular weight
distributions.

Grafting copolymerization reactions of MMA and the M28 macroinitiator (Mn = 45,507 g/mol
and 12.49 mol % of bromide) showed similar results, compared to that obtained for M20
macroinitiator, using concentrations between 2.1*10°- 2.9%10° M (See Table 4). At these
copolymerization conditions gel formation was avoided, while the conversion increased for the
reaction, however bimodal molecular weight distributions were also observed for the materials.
The GPC curves of the copolymers PS-g-PMMA34.38) are shown in Figure 5.

Table 4.- MMA Grafting copolymerization results using M28

Exp |R.T. [[a-PS-Br] [[CuBr] | Y(%)*|Mn® | (Mw/Mn)°|[Mn | Mw/Mn
(min) | mol mol

G31 |20 2.9%10° | 2.77*10" | 4.6 972598 | 1.4 18450 | 2.2

G34 |20 2.15*10° | 3.10*10° | 5.7 868723 | 1.5 15323 | 2.0

G35 | 20 2.16*10° | 8.6210° | 6.4 792675 | 1.5 7378 | 1.6

G37 |20 2.77*10° | 1.38*10-* | 6.24 | 812619 1.5 8238 | 1.6

G38 | 120 |2.77*10” | 3.6*10-* |5.1 776578 | 1.4 36417 | 2.1

[MMA= 0.049 moles]; a) gravimetric method; b) GPC polystyrene standards
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Figure 5.- GPC curves of copolymers prepared with macroinitiator M28

This method for preparation of PS-g-PMMA copolymers from mPS-Br macroinitiators, shows
special features for producing bimodal copolymers, combining high molecular weight chains (>
7*10°) with other types of low molecular weight fragments, representing an advantage because its
usefulness as additive for improving processability for different polymeric materials. Figure 6
shows a scheme reaction, about the formation of high molecular PS-g-PMMA.

Radical-Radical coupling

PMMA
«—PS

|

Radical-Radical coupling

Figure 6.- Schematically representation of high molecular
weight PS-g-PMMA formation

Chemical structure and molar ratio of PS and PMMA, were determined by *H NMR analysis of
the copolymers PS-g-PMMA, (Figure 7). ‘H NMR spectrum of PS-g-PMMA showed
characteristic signals for PS and PMMA segments, whose mol % contents were determined by
integration of the aromatic protons and the methyl group of O-CHs, for PS and PMMA,
respectively. All copolymers showed high mol % of MMA incorporations, where the lowest
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MMA content was calculated about 35mol % for PS-g-PMMA22).
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Figure 7. - 1H NMR spectrum of PS-g-PMMA(22)

Conclusions

The use of brominated polystyrene macroinitiators in ATRP copolymerizations, was found to be
useful in obtaining a successful method for producing grafted copolymers PS-g-PMMA. A careful
selection of the copolymerization parameters prevents gel formation during the copolymerization
process, forming bimodal PS-g-PMMA copolymers, which can be useful as processing improver
additives.
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FACILE FUNCTIONALIZATION OF SUBSTRATES WITH TEMPO USING
OXOAMMONIUM SALTS
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Nitroxides are stable free radicals that in the presence of a specific counter-ion could lead to
oxoammoniumsalts (OS).[1] This kind of salts are powerful, selective, and nonmetallic oxidants
extensively used for the oxidation of primary and secondary alcohols to aldehydes and ketones,
respectively.[2] However, we have found that the OS are not only excellent oxidant agents but that,
in the presence of a base (e.g., triethylamine, Et3N), its chemistry of oxidation radically changes to
a chemistry of functionalization, which is not an obvious result.[3] Thus, on this basis, in principle
practically any substrate, molecule, or chemical compound containing hydroxyl groups could be
functionalized with nitroxide moieties using OS in only one step.

In the present work | will show you some examples of the functionalization of different polymeric
substrates and nanoparticles with TEMPO groups in a only one step using SO. In the first part of the
talk, I will disclose how the polymers hydroxy-terminated can be functionalized by TEMPO and
their use to extend the chain in order to obtain block copolymers amphiphilos. In the second part,
the functionalization of nanoparticles of SiO2 and TiO2 will be demonstrated as well as, their use as
hybrids alkoxyamines in the synthesis of grafting of PSt controlled by TEMPO. Also in the case of
TiO2 their functionalization with TEMPO groups, will be demonstrated using theoretical analysis
(Density Functional Theory and B3LYP)

The use of SO is a route recently proposed by our group to obtain substrates functionalized with
TEMPO under mild conditions[4].
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SYNTHESIS OF STIMULI-RESPONSIVE, WATER-SOLUBLE
POLY[(DIMETHYLAMINO)ETHYL METHACRYLATE/STYRENE] STATISTICAL
COPOLYMERS BY NITROXIDE MEDIATED POLYMERIZATION

Zhang C., Maric M.

Department of Chemical Engineering, McGill University, 3610 University Street, Montreal,
QC, Canada H3A 2B2. milan.maric@mcgill.ca

Polymers that have sharp and reversible responses to stimuli such as changes in temperature are
known as “smart” materials. Consequently, water-soluble “smart” polymers are widely studied for
applications towards sensors and biomedical materials. Poly(dimethylamino)ethyl methacrylate
(PDMAEMA) is a water-soluble polymer that is responsive to both temperature and pH changes. To
precisely control the properties of such a polymer, controlled radical polymerization (CRP)
techniques have been used. As one of the CRP techniques, nitroxide-mediated polymerization
(NMP) does not involve any metal-containing catalysts or sulfur-based agents that other CRPs may
require, making it potentially advantageous for synthesis of non-cytotoxic polymers for biomedical
applications [1]. However, homopolymerizations of methacrylates for NMP generally associate
with very high equilibrium constants which lead to an excessively high radical concentration that
promotes self-termination [2]. In this study, DMAEMA was statistically copolymerized with 5 — 20
mol% styrene as the controlling co-monomer at 80 °C in bulk using a unimolecular alkoxyamine
initiator called BlocBuilder functionalized with a N-hydroxysuccinimidyl (NHS) ester end group
(NHS-BlocBuilder). The detailed results concerning the NMP synthesis of DMAEMA-rich
copolymerizations (kinetics, level of control and livingness of the copolymers) will be presented.
Also, the influences of copolymer composition, solution concentration as well as polymer
microstrucutre on the responses of the copolymers to temperature and pH changes in aqueous media
were examined by dynamic light scattering and UV-Visible spectrometry. The combination of
NHS-BlocBuilder with DMAEMA-rich feeds enabled the development of water-soluble “smart”
polymers that could also later be conjugated to biological compounds or other amine-containing
materials.
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Abstract

The synthesis and characterization of chitosan-g-poly(styrene-maleic anhydride)-OH-TEMPO (CTS-g-PSMA-OH-T)
are reported. The chitosan chemical modification with diverse groups in specific sites of the molecule results in a
biodegradable and human body biocompatible material which has potential application in the medicine field for
controlled drug delivery systems. In the first step of the procedure the bromine 4-OH-TEMPO oxoammonium salt is
synthesized according to Bonilla-Cruz et. al. The salt is totally soluble in aqueous media. In the second step, a
chitosan functionalization reaction was carried out from the previously synthesized salt in aqueous acid solution
containing 0.1 M acetic acid in the presence of triethylamine. The success of the reaction was demostrated by 13C
RMN CP MAS, and TGA. A yield of 18.9 % of functionalized OH’s on the chitosan backbone is achieved. Finally
graft copolymerization of styrene and maleic anhydride was performed via NMRP by an unimolecular initiation
system in which the functionalized chitosan acts at the same time as a macroinitiatior and controller. The reaction was

performed by dispersion in supercritical carbon dioxide (scCO>) in the presence of camphorsulfonic acid (CSA) in
order to avoid the autocopolymerization of the monomers. From 13C RMN CP MAS, and TGA tests the synthesis of
the CTS-g-PSMA-OH-T is evidenced.

Introduction

Chitosan (CTS) is a biopolymer industrially produced by the alkaline N-deacetylation of chitin, a
polysaccharide present in most crustacean shells and insects. The structure of CTS is composed of
B(1—4)-links to  2-amino-2-deoxy-D-glucopyranose and to  2-acetamido-2-deoxy-D
glucopyranose[1]. When the degree of deacetylation of chitin reaches about 50%, it becomes
soluble in aqueous acidic media and is called chitosan. The solubilization occurs by protonation of
the —NH2 function on the C-2 position of the D-glucosamine repeating unit, whereby the
polysaccharide is converted to a polyelectrolyte in acidic media [1]. Chitosan is the only
pseudonatural cationic polymer and therefore, it finds many applications in the medical, food,
industrial and agricultural fields and it is a very attractive material due to its good biocompatibility
with the human body [2-3]. In order to obtain advanced materials derived from CTS; this
biopolymer has been subjected to chemical modifications like controlled incorporation of
substitutes in specific positions of the molecule [4]. In this research we describe the chitosan
modification by the incorporation of the graft copolymer of styrene-maleic anhydride (SMA)
using the “Nitroxide Mediated Radical Polymerization” (NMRP) from a previous CTS
functionalization reaction with TEMPO groups. The functionalization reaction was carried out in
acid aqueous environment in the presence of a type of oxoammonium salt; identified as Br-OH-
TEMPO salt (previously synthesized) and triethylamine, according to Bonilla-Cruz et. al. [5]. The
copolymerization reaction was carried out in supercritical carbon dioxide (scCO,) as reaction
media in the presence of the functionalized chitosan, styrene, maleic anhydride, and camphor
sulfonic acid in order to avoid the auto-copolymerization of the monomers [6]. ScCO, is
considered a flammable, inert, low-cost, low toxicity, and high purity solvent [7].
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Experimental

Synthesis of Br-OH-TEMPO oxoammonium salt

The synthesis of Br-OH-TEMPO oxoammonium salt (1-Oxoammonium-4-hydroxy-2,2,6,6-
tetramethylpiperidinium bromide) (Figure 1) was reported previously by Bonilla-Cruz et. al.[5]. In
a typical experiment, bromine (0.032 mol) was slowly added to a solution of 4-OH- TEMPO
(0.032 mol in 100 mL of CCls). A brown solid was formed almost instantaneously and was
separated from the solution by filtration. A small amount of additional bromine was added to
obtain more salt of Br-OH-TEMPO thus improving the reaction yield (90%). The filtrate was
exhaustively washed with CCl, until the filtered solution showed no anymore color. The Br-OH-
TEMPO salt was dried over vacuum at 40 °C for 24 h.

Br, @
CCl,

HO O

Figure 1. Schematic illustration of synthesis of Br-OH-TEMPO salt

Chitosan functionalization reaction

First, 0.5 gr of chitosan were dissolved in 100 mL of acetic acid 0.1M in a glass reactor. In the
second step the solution was stirred for 1 h and then 0.0049 mol of TEA was added and
immediately 0.0042 mol of the Br-OH-TEMPO oxoammonium salt (dissolved in 40 mL of 0.1M
acetic acid) was added. Finally the reaction system was saturated with inert argon atmosphere and
stirred for 48 h at room temperature. After that, in order to remove the residual Br-OH-TEMPO
oxoammonium salt the functionalized chitosan was purified four times by precipitation in acetone
and re-dissolution in acetic acid 0.1 M. Then the Chitosan-TEMPO (CTS-T) was lyophilized for
24 h. The CTS and CTS-T were analyzed by 13C NMR CP-MAS and TGA. In order to retrieve
the triethylamine salt, which is the byproduct formed during the reaction, the acetone solution
(which was used to precipitate the chitosan) was subjected to precipitation in tetrahydrofuran
(THF). This salt was filtered and lyophilized for 12 h. Because the reaction was carried out in an
acidic media, the pH was measured throughout the functionalization reaction in order to
maintain the acidic character.

Graft copolymerization on scCO,

The copolymerization of styrene-maleic anhydride was conducted in a 25 mL stainless steel
reactor. The copolymerization was carried out as follows: CTS-T (0.15 gr), styrene (10 mL, 9.04
g, 0.087 mol), maleic-anhydride (0.44 g, 0.0045 mol), CSA (0.37 g, 0.0016 mol), and a magnetic
stirrer were added to the reactor. Subsequently, the reactor was pressurized with CO; up to 18.96
MPa. Afterwards, the reactor temperature was raised to 130 °C using a heating mantle. After five
hours of reaction, the polymerization was stopped by cooling the reactor with iced water, and the
CO, was slowly evaporated. The polymer was precipitated in methanol in order to remove
remaining styrene and maleic anhydride. In order to remove the CSA from the CTS-g-PSMA-OH-
T, the product was precipitated in water, where the CSA was dissolve and the CTS-g-PSMA-OH-
T precipitated. The CTS-g-PSMA-OH-T was lyophilized 24 h and finally analyzed by 13C-NMR
CP-MAS and TGA.
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Figure 2. Schematic illustration of the functionalization reaction and graft copolymerizationon

Results and Discussions

The Br-OH-T oxoammonium salt synthesized is stable and totally soluble in an aqueous medium.
The proposed functionalization reaction mechanism is discussed by Bonilla et. al. [5] There is still
some debate about the correct structure of the intermediate 2 specifically regarding the nature of
the bond between the CTS and the TEMPO moety. In the functionalization reaction, 0.59 mmol
out of a total of 3.1 mmol of OH groups were functionalized with a total of 3.1 mmol possible
hydroxyl groups, equivalent to 18.9% (determined according to the recovered triethylamine salt).
The yield of the graft copolymerization reaction as a function of chitosan with graft copolymers
chains out of the total was 76%, the monomer conversion was 2.6%; from this conversion and the
nitroxide molar concentration present in the 0.15 g of CTS-T, we estimated the Mn of the graft
chains on 1640 g/mol. It was not possible to determinea molecular weight distribution,
and therefore the control level of the graft polymerization due to poor solubility of chitosan-based
materials in common organic solvents.

Thermogravimetric analysis

The figure 3a corresponds to CTS. This figure revels a first loss (2.88 wt.-%) which is mainly
attributed to the loss of physisorbed water. After the first temperature ramp (5 °C/min), when the
temperature reached 70°C , a temperature plateau was maintained for 30 min in order to eliminate
the largest possible amount of physisorbed water. The second loss, at 200 °C, corresponds to the
pyrolysis of the biopolymer, which begins with the division of the glycosidic bonds followed by
the degradation of chitosan [4]. The figure 3b corresponds to CTS-T, this thermogram shows the
weight loss of water physically absorbed in the range of 30 °C to 100 °C. After that, a positive
change in the slope of the derivative curve occurs, that reaches a local maximum value at 126 °C.
This value is attributed to the rupture of the bond between the chitosan and the nitroxide. The
weight loss in this interval (1.85 wt.-%), suggests the removal of 4-OH-TEMPO, since this kind of
nitroxide is known to exhibit high volatility with a trend to sublimation under relatively mild
conditions of pressure and temperature [5]. Figure 3¢ (CTS-g-PSMA-OH-T) shows a first weight
loss (2.04wt.-%) attributed to water physically absorbed. Also it is shown a positive change in the
slope of the curve at 178.04 °C, mainly attributed to the separation of the copolymer from the
chitosan and/or to the ring opening of maleic anhydride present in the SMA. At 373.45 °C a
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weight loss due to the complete degradation of the material is shown [5].
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Figure 3. TGA analysis of a) CTS, b) CTS-T, and c) CTS-g-PSMA-OH-T

Nuclear magnetic resonance in solid state

The experiments of 13C NMR CP-MAS were carried out in a FT-NMR Bruker Avance
spectrometer of 500 MHz and 18000 scans of resolution. The CTS spectrum (figure 4a, black line)
shows at 108.4 ppm the chemical shift corresponding to C1, at 61.26 that of C2, and at 65.13 ppm
that of C6. The displacements of C3 and C5 overlap at 79.32 ppm. With respect to the resonance
of C4, two signals are in the range of 86.39 to 89.27 ppm, these signals can be separated due to
differences in arrangement of the polymer chains and also different torsion angles [8]. The CTS-T
spectrum exhibits, besides the signals corresponding to CTS, a new chemical shift at 36.52 ppm
corresponding to the four carbons of the methyls of TEMPO (C10, C11, C16 and C17). The
secondary carbon resonances of the nitroxide (C12 and C14) appear at 50 ppm.

The CTS-g-PSMA-OH-T spectrum (figure 4b) shows, besides the signals of CTS, the
displacements corresponding to styrene units at 127 ppm assigned to carbons S4, S5, S6, S7 and
S8 of the benzene ring. S3 is observed at 144 ppm. The carbons a y B to the aromatic ring (S1 and
S2 respectively) are shifted by 40 ppm. The carbonyl groups (A2 and A3) of the maleic anhydride
units are shifted at 173 ppm, and the carbons Al and A4 are asigned at 51 ppm.

Second US-Mexico Meeting “Advances in Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011



99

MACROMEX 2011

€3 C5

C12,
c4 C14

200 180 160 140 120 100 80 60 40 20 0 200 180 160 140 120 100 80 60 40 20 O
ppm ppm
Figure 4. 13C NMR CP/MAS analysis of a) CTS, CTS-T and b) CTS-g-PSMA-OH-T

Conclusions

The graft copolymerization of styrene-maleic anhydride on CTS was carried out by NMRP via an
unimolecular initiation system using scCO, as reaction media starting from a previously formed
TEMPO functionalized CTS (CTS-T). The CTS-T acts as macroinitiator and controller at the
same time, and this material it is considered a precursor of hybrid materials with controlled graft
polymers. Performing the graft copolymerization in scCO,, in adition to being kind to the
environment, provides an advantageous alternative with respect to the use of organic solvents,
preventing subsequent purification processes of the product.
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Abstract.

In the present study we carried out nitroxide mediated radical polymerization (NMRP) of styrene in emulsion using
2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) by stepwise and semibatch processes obtaining polystyrene (PS) with
a polydispersity index (PDI) lower than 1.5 and particle diameter between 180 and 520 nm when methanol was used.
Otherwise, when the polymerization was carried out in the absence of methanol, a bimodal particle size distribution
(PSD) was obtained. This is attributed to the superswelling effect, which causes the particles to grow considerably and
also to lower the nitroxide efficiency reducing chain formation and thus drastically reducing the particle nucleation.
These polymerizations did not require a separate macroinitiator synthesis step, which represents an important advance
for further applications.

1. Introduction.

Free radical polymerization (FRP) is of enormous importance because approximately 50 % of all
polymers are produced by this technique, which lately has undergo a revolution due to the advent
of new techniques called controlled radical polymerization (CRP). One of the most important
techniques of the CRP is NMRP which is a promising technique for obtaining tailor-made
polymers in aqueous dispersed media which are of great interest for academic and industrial
applications.[1] The success of this development depends very strongly of the understanding of
scientific aspects which are still partially understood, such as colloidal stability at early stages of
the process, the transport mechanism of reactants between the different phases and their
interaction with the reaction mechanism. Therefore, the conception of simple and efficient
conditions for successful aqueous dispersion processes represents an important challenge.[2] Early
attempts to conduct stable TEMPO mediated emulsion polymerization of styrene resulted in
severe coagulum formation.[1] Few works have been successful, notably Cunningham and co-
workers who employed two nitroxides, TEMPO and 4-stearoyl TEMPO in a6 initio emulsion
polymerization of styrene obtaining an emulsion without coagulum, as well as excellent
control/livingness. [3] Also, two step emulsion polymerization yields a coagulum free latex
according to Georges and co-workers, who reported a successful seeded NMRP of styrene using a
PS-TEMPO macroinitiator by use of a microprecipitation technique to generate the initial seed and
subsequent swelling with styrene.[4] The use of a semibatch process is related with the reduction
of particle superswelling, however few works using N-tert-butyl-N-(1-diethylphosphono-2,2-
dimethylpropyl)-N-oxyl (SG1) have been reported.[5, 6]

2. Experimental part.

2.1. NMRP in emulsion by a stepwise process.

In the first stage styrene, TEMPO and sodium dihexyl sulfosuccinate (MA-80) were mixed for 15
minutes, subsequently water (255 g) and potassium sulfate were added and mixed for 15 more
minutes. The resulting mixture was charged into a 1.2 L Parr stainless steel reactor and purged
with nitrogen for 30 minutes at room temperature and at an agitation speed of 300 rpm.
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Subsequently the mixture was heated at 70 °C and a potassium persulfate solution (0.1996 g in 10
g of water) was added and the polymerization proceeded for 2 hours. Afterwards an MA-80
solution was added (6.5764 g in 20 g of water) and the temperature was increased to 135 °C for 1
hour and then the reactor was cooled at = 35 °C. In the second stage styrene was added to swell the
formed particles for 1 hour and then the temperature was increased at 135 °C and the reaction
proceeded for 2 hours. Finally, the reactor was cooled at = 35 °C and the third stage was started
with the addition of styrene to swell the formed particles for 1 hour and then the temperature was
increased at 135 °C and the polymerization proceeded for 6.5 hours.

2.2. NMRP in emulsion by a semibatch process (RS-1).

This reaction was carried out under the same reaction conditions that in RL-1 (Table 1), only that
at the end of the second stage at 135 °C the styrene feed was started (13 g) in a semibatch process
with a flow rate of 0.0079334 g/min for 27.5 hours. The reaction mixture was heated for an
additional 30 min after the styrene had been added.

2.3. NMRP in emulsion by a semibatch process using methanol (RS-2).
This reaction was carried out under the same reaction conditions that in RS-1 (Table 1) only that
methanol was added in the first stage in order to minimize superswelling of particles.

In all previous cases the reactor was cooled to room temperature and samples were taken for their
characterization, however, it was not possible to take samples along the reaction in order to
determine the polymer chains grow and Dp.

Table 1. Summary of emulsion polymerizations experiments.

m Recipes of experiments Operation conditions

® a - Potassi irri i

=3 Styrene \Water Surfactant MA-80 KPS otassium TEMPO Methanol Temperature Stirring Monorer Time

3 [Stage 1|Stage 2|Stage 3 Stage 1 | Stage 2 Sulfate Stage 1 |Stage 2|Stage 3| speed addition  |-Stage 1 |Stage 2| Stage 3
= g g g g g g g g g g °cl°c| °C °C rpm h|h h h
RL-1| 02 | 18 | 13 |285| 4.1467° | 6.5764° |0.1996"| 0.3307° | 0.15' | 0° | 70 |135| 135 | 135 | 300 Stepwise 21| 2 6.5
RS-1| 0.2 1.8 13 | 285 4.1467° | 6.5764° [0.1996°| 0.3307° | 0.15' o° 70 1135] 135 135 300 Semibatch” 2 |1 2 27.5
RS-2| 0.2 1.8 13 | 285] 4.1467° | 6.5764° [0.1996°] 0.3307° [ 0.15' 3.75¢ 70 ]135] 135 135 300 Semibatch” 2 |1 2 27.5

5 % weight.

©14.55 g/L water = 1,25 CMC (CMC = 11.64 g/L at 70 °C).

©23.07 g/L water.

“0.7003 o/L water, TEMPO/KPS = 1.3.

¢ 1.315 g/L water, equivalent molar ratio to the initiator (2.5 g/L water).
'TEMPO/KPS = 1.3.

9 25 % weight ratio to the monomer.

"Flow rate = 0.007934 g/min.

3. Characterization.

Monomer conversion was determined gravimetrically. Gel permeation chromatography (GPC)
was used to measure the molecular weight (MW) and the PDI of the polymer in a Hewlett Packard
GPC Model 1100 equipped with a refractive index detector calibrated with standards of PS
ranging from 580 to 3,900,000 g/mol. Tetrahydrofuran (THF) was used as the eluent with a flow
rate of 1.0 mL/min. The Dp measurements were carried out by dynamic light scattering on a
Zetasizer Nano S90 from Malvern Instruments at a temperature of 25 °C. Proton nuclear magnetic
resonance (1H NMR) spectroscopy was performed on a FT-NMR Jeol Eclipse 300 MHz
spectrometer at room temperature using CDCI3.

4. Results and Discussion.

4.1. NMRP in emulsion by a stepwise process.
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The final conversion was 30.07 % (Table 2) with values of Mw = 31,453 g/mol, Mn = 24,863
g/mol and PDI =1.26 (Fig. 1), which indicate a good control of the polymerization. The nitroxide
efficiency was 25.09 %, which indicates that the alkoxyamine formation in the first step was very
low, which caused a reduced formation of Np = 4.71E+11, which is very low in relation to the
values commonly obtained (1.0E+14). The low number of alkoxyamines formed and thus low Np
is attributed to the extremely low solubility of TEMPO in water.[7] The value obtained for Dp was
426 nm, however, the PSD was bimodal (Fig. 1) showing a population centered in ~ 244 nm and
another in 1,296 nm.
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Figure 1. Molecular weight distribution (left) and particle size distribution (right) of the polymerization RL-1.

However, once the latex was placed in the beaker (after = 30 min) it started to destabilize showing
a floating phase. This behavior is attributed to the presence of the high Dp population (1,296 nm),
which may have caused the particle coagulation and therefore an unstable latex.[3-5] Another
important factor that may have caused the phase separation is the particle superswelling because at
the beginning of a NMRP a very high concentration of low MW oligomers are present at low
conversion. This high concentration of oligomers and the absence of high MW polymer at low
conversion can have a deleterious effect on the colloidal stability as a result of superswelling. If
the superswelling is severe enough, formation of very large particles (>1 pm) occurs, where
buoyant forces dominate and a separate organic phase forms as an upper layer of the emulsion.[1,
8]

4.2. NMRP in emulsion by a semibatch process (RS-1).

The strategy of this study was to avoid the monomer droplet formation through a slow rate of
monomer addition in order to work under starved conditions and thus avoid superswelling. The
final conversion was 34.84 % (Table 2) with values of Mw = 28,313 g/mol, Mn = 23,131 g/mol
and PDI =1.22 (Fig. 2), which indicate the good control of the polymerization. The nitroxide
efficiency was 24.79 %, which indicates that the alkoxyamine formation in the first step was also
very low, which causes a low number of particles of Np = 3.63E+11. Similar to the last reaction
(RL-1), the low number of alkoxyamine formed and thus low Np formed is attributed to the
extremely low solubility of TEMPO in water. [7] The value obtained of Dp = 402 nm with a
unimodal PSD (Fig. 2), represents a very good improvement compared to the last polymerization
(RL-1). However, this PSD is still broad, varying in a range from 200 to 1,050 nm. Similary to the
previous case, this behavior is due to the particle superswelling. [1, 8]
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14 Rt
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Figure 2. Molecular weight distribution (left) and particle size distribution (right) of the polymerization RS-1.

However, in the same way as in the last case (RL-1), the latex started to destabilize after ~ 30 min
showing a floating phase. This behavior is attributed to the big particle size, which may have

caused the particle coagulation and thus an unstable latex.

4.3. NMRP in emulsion by a semibatch process using methanol (RS-2).

The strategy of this study was to minimize or avoid the superswelling effect through methanol
addition because there are reports about the efficiency of methanol as particle deswelling agent.[9]
The final conversion was 32.89 % (Table 2) with values of Mw = 31,395 g/mol, Mn = 22,501
g/mol and PDI =1.39 (Fig. 3). These results indicate good control of the polymerization. The
nitroxide efficiency was 24.13 %, which indicates that the alkoxyamine formation was very low,
which and ensuing low Np = 9.56E+11. Similar to the last reaction (RS-1), the low level of
alkoxyamine formed and the low Np formed are attributed to the extremely low solubility of
TEMPO in water. [7]The value obtained of Dp = 315 nm with a unimodal PSD (Fig. 3), represents
a great improvement compared to the last polymerization (RS-1). The results were very good with
respect to Dp and to the PSD because the values were between 180 and 520 nm, however, we still
have low Np. This behavior is also due to the particle superswelling.

18
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Figure 3. Molecular weight distribution (left) and particle size distribution (right) of the polymerization RS-2.

Again, the latex started to destabilize after ~ 30 min. As suggested in previous cases the particle
superswelling may have caused coagulation and thus unstable latex.

Figure 4 shows two pictures in which the obtained products before and after the destabilization
can be seen.

Figure 4. Stable emulsion (left) at the end of the polymerization and unstable emulsion (right) after ~ 30minutes.

Table 1. Summary of emulsion polymerizations results.
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ul Results

S - - —
2 Flnall D, Coagulum Np Molecular weight M, theoretic Nlt.rc_»(lde
3 Conversion (g/mol) PDI efficiency
% % nm g Number My, M, g/mol %
RL-1 38.07 426 2.49 4.712E+11 | 31,453 | 24,863 1.26 6,239 25.09
RS-1 34.84 402 2.86 | 3.6389E+11 | 28313 | 23,131 1.22 5,735 24.79
RS-2 32.89 315 2.95 9.568E+11 |31,395| 22,501 1.39 5,430 24.13

1H NMR spectrum shows (Fig. 5) the presence of PS (7.25, 6.60, 1.86, 1.40 ppm) and the bond
between PS and TEMPO assigned to the chemical shift between 3.8 and 4.2 ppm of the o-
hydrogen to the C-O bond. Also shown are the chemical shifts of the TEMPO end group between
0.4 and 1.15 ppm. The spectrum was similar for the three cases studied (chemical shifts). [10, 11]

T
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Figure 5. 1H NMR spectrum of functionalized PS with TEMPO (RS-2).

5. Conclusions.

It was managed to significantly reduce the particle diameter (Dp) by using methanol, which it is
believed to have decreased the particle superswelling. However, even when a narrow PSD was
obtained, emulsion destabilization after reaction could not be avoided. Given the MW results, the
low PDI and even in the face of low nitroxide efficiency, it can be concluded that the formation of
dormant species in the first stage was achieved, followed by size increase in the next stages. The
1H NMR spectra reveals the presence of dormant species. The obtainment of stable latexes is a big
challenge to overcome, however, the results obtained in the present study represent an important
advance which opens a panorama of different strategies in order to minimize or avoid the
emulsion destabilization. According to the strategy used, the partitioning coefficients of TEMPO
between the organic an aqueous phase are very important data. These have recently been studied
by E. Saldivar and co-workers, and it is expected that they could help to understand and solve the
actual problem.
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SYNTHESIS OF MESOPOROUS POLYSTYRENE NANOPARTICLES EMPLOYING
SEMICONTINUOUS HETEROPHASE POLYMERIZATION

Minuesa Isabel™, Puig J. E.* , Mendizabal E.* , Lopez R. G.

1. Departmento de Ingenieria Quimica, Centro Universitario de Ciencias Exactas e Ingenierias,
Universidad de Guadalajara, México. iminuesamoya@gmail.com

2. Departmento de Procesos de Polimerizacion, Centro de Investigacion en Quimica Aplicada,
Saltillo, México.

Porous polymeric particles have been of increasing research interest—due to their promising
applications in diverse fields such as chromatography, ion-exchange, cell immobilization, catalytic
supports or drug storage and delivery; also porous polymeric particles with magnetic nanoparticles
inside have been employed in chemotherapy [1-3]. Porous polymeric particles are usually
synthesized by suspension or emulsion polymerization. Previous investigations [4] show that
polystyrene mesoporous nanoparticles with narrow particle size distributions can be synthesized
through the innovative semicontinuous heterophase polymerization employing divinylbencene as
cross linking agent and toluene as porogen agent.

In the present communication we report the semi continuous heterophase polymerization of
polystyrene mesoporous nanoparticles employing toluene as porogen agent and poly(ethylene
glycol) dimethacrylate as the cross linking agent. Polymerizations were carried out at 60°C in a 150
mL glass reactor equipped with a reflux condenser and inlets of nitrogen, organic mixture feed, with
a feed rate of 0.1 g/min, and sampling. We present the characterization of the material obtained,
which includes conversion determined gravimetrically, particle size measured by transmission
electron microscope (TEM), porosity and average pore radius determined in an automated surface
area and pore size analyzer. Finally we discuss the influence of the polymeric cross linking agent in
the pore size and the quantity of porogen agent needed in the polymerization reaction.
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POLYMERISATION
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Abstract

The synthesis of conductive nanosized particles were prepared in heterogeneous phase
polymerization at 70 °C, using methyl methacrylate as monomer and a polymerizable
lithium surfactant (surfmer) as stabilizer and co-monomer. The main purpose of
employing this surfmer is to obtain conductive polymer nanoparticles for lithium
batteries. The effect of polymer concentration on ionic conductivity on the latex were
examined. Here, we obtained latex with polymer content higher than 8 wt. %, particles
sizes in the nanometer range (< 100 nm) and conversions greater than 80 %. The ionic
conductivity of the latex at room temperature is of the order of 10° S/cm. In this
polymerization process, the ionic conductivity increases as the polymer content is
increased, i,e., a latex with polymer content of 5.5 wt. % has a conductivity of 2.4x107
S/cm, whereas one with polymer content of 8 wt. % its conductivity increased to
2.63x10 S/cm. The structure of the polymer was characterized by X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), and differential scanning
calorimetry (DSC).

Introduction

In last years, lithium polymer battery has taken an important role in electronic devices,
such as cell phone, automotive batteries, photo cameras. The first synthesis polymer
electrolyte was performed in the 80s, obtaining a electrolyte polymer based
poly(ethylene oxide) (PEO), formed by a complex between a lithium salt and a
coordinating polymer[1]. In many reports, polymer properties are due to three
components, polymer, lithium salt and solvent. Rajendran and Uma[2], prepared films
from poly(methyl methacrylate) and LiBF, with different concentrations of plasticizer
(dibutyl phthalate), where ionic conductivity of these polymer at room temperature was
of the order of 10 to 10* S cm™ and increase proportionally to the temperature.
Rubber natural grafted (MG30) with 30% poly(methyl methacrylate), which contained
lithium salt (LiCFsSO3) and propylene carbonate or ethylene carbonate, has been
studied and was reported that ionic conductivity increase with the amount doping
agent[3]. Lee et al. [4], investigated a new class of lithium salt with single-ionic
characteristics, lithium sulfonated styrene oligomer (LiSSO) [(CH:CHCeHs)s-
(CH:.CHC4H.SO:.Li"):], synthesized and prepared its complex with poly(ethylene oxide)
(PEO). The maximum ionic conductivity of the PEO/LISSO complex at 65°C was
2.1x10™ S/cm at a salt concentration of [Li-]J/[EO] = 0.20. Other researchers have
studied, the effect of plasticizer and TiO, nanoparticles on the conductivity, chemical
interaction and surface morphology of polymer electrolyte of MG49-EC-LiCIO4-TiO..
The highest conductivity of 1.1x10° Scm ' was obtained at 30 wt.% of EC[5]. The
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objective of this work is to study the effect of polymer concentration on ionic
conductivity of the latex, reaching a maximum polymer concentration of 8 wt.%.

Experimental part

Polymerizations were carried out in a 250-mL jacketed glass reactor equipped with a
reflux condenser and inlets for argon, monomer feed, sampling, and mechanical
agitation. The reaction vessel was loaded with 0.37 g of surfmer, 33.6 g of water and
different amounts of methyl methacrylate (2, 2.5 and 3 g), heated to 70 °C and bubbled
with argon for 30 min before addition of AIBN (1 wt. % with respect to the monomer).
The polymerization was performed in an hour. The conversion was determined by
gravimetry and final latexes at the end polymerization were collected for particle size
and ionic conductivity.

Average particle size (Dp;) was measured at 25°C by quasi-elastic light scattering
(QLS) in a Malvern Zetasizer ZS90 apparatus. The particle size standard operating
procedure subroutine was used to estimate the PSD. To eliminate multiple scattering
and to measure the monomer-free average particle size, lattices were diluted with water
up to 300 times. For measuring glass transition temperature, polymer was precipitated
from the withdrawn samples by adding methanol (Bassel, reactive grade), then
collocated in a membrane de Spectra/por ®Dialysis Membrane (6000-8000 Dalton), to
purify it. The ionic conductivity in latex was determined in an apparatus Xplorer GLX
PS-2002, with conductivity sensor PS-2116A

Results and discussion

Figure 1 shows depicts QLS-measured z-average particle size (Dp.) as a function of
reaction time. Particle size is quasi-constant in course of the reaction, but its particle
size is large, because the polymerization reaction only is carried out inside micelle,
swelling. Dp; increases systematically with increasing polymer content.
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Figure 1. z-Average particle size (Dp,), measured by QLS versus polymerization time of MMA at
different polymer content (5.5, 7 and 8 wt%).

Figure 2 it was observed that the ionic conductivity increased until 2.63x107 S/cm for 8
wt.%. PMMA-grafted natural rubber has been reported to exhibit ionic conductivity [6].
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We suggest that conductivity of the latexes increase because more molecules of surfmer
reactions with polymer chain, therefore, major amount lithium incorporated it.

2800

27001

\

Conductivity (uS/cm)

:

2200 T T T T T
4 5 6 7 8 9 10

Polymer Content (wt. %6)

Figure 2. lonic Conductivity as a function versus Solid Content

A behavior characteristic of polymers that interact chemically with metals, complex
salts, is an increase in the Tg as increases it [7]. In the figure 3, Tg slightly changes
from 375.15 to 378.15 °K, viz., polymer content (5.5 and 8 wt. %), respectively. This
increasing may be due to probable interaction between polymerizable lithium in main
chains.
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Figure 3. Glass transition temperature, Tg, of PMMA-surfmer for different polymer content: a)
5.5 and b) 8 wt %.

Conclusions

The latexes obtained shows a maximum ionic conductivity value of 2.63x10° S/cm.
The amount polymerizable lithium surfactant is limited by solubility it, this keeps
stability of nanoparticles, in this case study, stability maximum achieved was with a
polymer concentration of 8 wt %. Finally, the increase in Tg indicates that
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polymerizable surfactant interact chemically with poly(methyl metacrylate), this may
explain the increases in the ionic conductivity with increase in concentration polymer.
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ELECTRON BEAM IRRADIATION OF DILUTE AQUEOUS MICELLAR
SOLUTIONS

Picos-Corrales Lorenzo A.", Licea-Claverie Angel™, Arndt Karl F.?

YCentro de Graduados e Investigacion en Quimica, Instituto Tecnoldgico de Tijuana, B.C., Mexico.
* aliceac@tectijuana.mx

2Department of Chemistry, Physical Chemistry of Polymers, Dresden University of Technology, Dresden, Germany.

Abstract

Stimuli-responsive nanogels based on amphiphilic block copolymers crosslinked in the micellar state were prepared
by means of electron beam irradiation. Block copolymers from PNIPAAmM-b-PSt, PNIPAAmM-b-PHA, poly(NIPAAmM-
co-5MPA)-b-PSt and poly(NIPAAmM-co-5MPA)-b-PHA were used. The influence of the irradiation dose and the

polymer concentrations were tested. The hydrodynamic radius (Rp) was in the range of 30-50 nm, radius of gyration

(Rg) was within the range of 60-70 nm. The Nanogels showed a pH- and temperature-sensitive behavior in agueous
solutions that mimic biological conditions.

Introduction

Nanosized hydrogels (nanogels) are polymer nanoparticles consisting of three-dimensional
networks, formed by chemical and/or physical cross-linking of polymer chains. They have
attracted growing interest owing to their potential for applications in drug delivery systems [1]. In
the structure of nanogels, the presence of internal bonds gives fixed shape, higher resistance to
degradation, and the ability to trap other molecules within their structure [2]. Due to the potential
applications of nanogels several synthetic strategies were developed. Electron beam irradiation has
already become one of the standard tools for the formation of nanogels. The procedure applied is
usually based on the irradiation of dilute polymer solutions with a dose sufficient to obtain
nanogels [2, 3].

Experimental

Materials

PNIPAAmM-b-PSt (22,120 g/mol; 84:16 mol%), PNIPAAmM-b-PHA (23,440 g/mol; 81:19 mol%),
poly(NIPAAmM-co-5MPA)-b-PSt (24,030 g/mol; 79:11:10 mol%) and poly(NIPAAmM-co-5MPA)-
b-PHA (26,640 g/mol; 85:7:8 mol%) were used (Fig. 1). They were prepared by RAFT
polymerization following a synthetic strategy described previously [4].

Figure 1. Amphiphilic block copolymers used.
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Electron Beam Irradiation

Aggregates were prepared either via direct dispersion in water or in Buffer of pH 7.4; or by
emulsion [5]. For that, a concentration of 1 mg/mL of amphiphilic block copolymer was used.
Solutions were degassed by means of argon flux. The samples were irradiated by e-beam (Fig. 2)
at a dose of 30, 60 or 120 kGy at room temperature in oxygen-free closed PE-bags. The electron
beam irradiation was performed with an accelerator ELV-2 (Budker Institute of Nuclear Physics,
Novosibirsk, Russia). The accelerator was operated with an energy of 1.0 MeV.

Aggregate Nanogel

Figure 2. Aggregates crosslinked by e-beam.

Light Scattering theory
Static light scattering (SLS). The angle dependence of the scattered light from dilute solutions has
been analyzed in terms of the Zimm approximation assuming ideal behaviour (equation 1) [6].

2
Ke 1f) Ra M
R, M, 3

where K is an optical constant that is independent of the concentration of the solution and the
molecular weight of the polymer, c is the concentration, Ry is the normalized scattering intensity
(Rayleigh ratio) at the scattering angle 8, My, is the weight-average of the molecular weight, Ry is
the radius of gyration, and g is the magnitude of the scattering vector. The second virial coefficient
A, was calculated with the corresponding equation for hard spheres [7].

Dynamic light scattering (DLS). The decay time is related to the translational diffusion coefficient

by

I =Dg’ (2)
where T is the exponential decay constant, D is the diffusion coefficient, and q is the scattering
vector. The hydrodynamic radius (Ry) is then determined from using the Stokes-Einstein relation

for spheres

R — KT 3
" 6zn,D )

where k is the Boltzmann constant, T is the absolute temperature, 7, is the solvent viscosity and D
is the diffusion coefficient determined from DLS data [7].

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011



113
MACROMEX 2011

Results and Discussion

When dilute aqueous polymer solutions are subjected to ionizing radiation, polymer radicals are
formed, which may decay by disproportion and recombination (crosslinking). Depending on the
polymer concentration and on the dose rate two different crosslinking reactions can take place:
inter and intramolecular crosslinking. If the irradiation dose and the distance between single
polymer chains are high, the recombination of the formed radicals results mainly in an
intramolecularly crosslinking [8].

In this work, amphiphilic block copolymers in the micellar state (small distance between single
polymer chains) were irradiated by electron beam at dose relatively high (30, 60, or 120 kGy) to
obtain core-shell nanogels. In this case, inter and intramolecular crosslinking may take place.

In the range from 0.2 to 1 mg/mL, the size of the nanogels did not showed a strong dependence on
the blockcopolymer concentration used for irradiation. The SLS and DLS analysis of Net-
[poly(NIPAAM-co-5MAPsy)-b-PHA] at different dose are shown in Fig. 3. In DLS, the linear
relationship indicates that the samples have a single diffusivity and thus have a narrow size
distribution (Fig. 3A). In SLS, the linear dependence on the scattering angle was also observed
(Fig. 3B). The radius of gyration (Rg) and hydrodynamic radius (Rn) decrease slightly with
increasing irradiation dose. The size of the nanogels decreases due to the increased crosslinking
density. The values of A, decrease with increasing radiation dose. The interactions within the
polymer segments are getting more preferred to the interaction between the polymer segments and
the solvent molecules (Fig. 4A). In Fig. 4B the sensitive behavior of these samples is observed. At
pH 7.4, the nanogels showed thermal stability in the range of 24 to 46 °C. At, pH 5.8, the variation
of size as a function of temperature decreases with increasing radiation dose, because of the
increase in the rigidity of the structure. The sample irradiated at 30 kGy underwent more variation
of size depending on the temperature (Rn=41 nm at 24 °C; Ry=35 nm at 38 °C; R,=33 nm at 46 °C)
at pH 5.8. This sample exhibited a LCST of 18 °C at pH 4.0. The sample irradiated at 60 kGy
showed linear dependence between size and temperature within the range of 24 to 42 °C at pH 5.8.
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Figure 3. DLS (A) and SLS (B) of nanogels at different doses.
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Figure 4. Effect of the irradiation dose on size (A) and thermosensitivity (B).

Conclusions

Sensitive nanogels from amphiphilic block copolymers were prepared by e-beam irradiation. The
size of the nanogels decreased slightly with increasing irradiation dose. In the explored
concentration range, the size of the nanogels did not showed a strong dependence on the
blockcopolymer concentration used for irradiation. The Net-[poly(NIPAAM-co-5MAPsy)-b-
PHA], irradiated at 30 kGy, showed a T/pH-sensitive behavior that mimic a drug carrier.
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VAc is one of the most challenging monomers for controlled/living radical polymerization because
of its lacks of conjugating substituent, thus its propagating radical is highly reactive and tends to go
by chain transfer and termination reactions. Recently VAc was polymerized with good level control
via degenerative transfer approach using alkyl iodides [1] and Co-mediated process [2]. However,
its polymerization via ATRP, one of the most versatile methods, has not been successful. The
polymerization was not observed in the presence of Cu- and Ru-based catalysts. The
polymerizations mediated by Fe-complexes resulted in the desirable product usirapn&@lkyl

iodide as initiator. But the polymerization initiated by ¢Qiroceeded via telomerization
mechanism based on redox initiation [3]. Polymerization with alkyl-I has better control, although
the contribution of the iodine-transfer process cannot be fully excluded [4].

In this communication, we report the polymerization in solution of VAc with the cyclometalated
Ru(ll) complex [Ru6-CsHe)(dmba)(NCMe)]PE as a catalyst in the presence of Al(OisHyy
conventional heating and microwave irradiation at 70 °C. The polymerization mediated by this
catalyst, exhibit poor control with C£hs initiator and obviously undergoes via telomerization
mechanism. However this cyclometalated complex is successful in the Kharasch reaction with
CClBr. Results using microwave irradiation as the heating source are similar to conventional
heating; but decrease the reaction time.
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Abstract

This study involves the synthesis and characterization of PEG-based amphiphilic block
copolymers. PEG based difunctional macro RAFT agents were synthesized and characterized. PS-
b-PEG-b-PS block copolymers were synthesized via the RAFT controlled free radical
polymerization using the synthesized PEG dual macro RAFT agents. The content of polystyrene
blocks on the triblocks was varied from 18% to 69% (based on molecular weight increase),
adjusting the synthetic conditions.

Introduction

Block copolymers are a fascinating class of polymeric materials, since they offer the possibility to
combine different properties along one macromolecular chain. The morphological features of
block copolymers, especially tailor made diblock, triblock and higher block copolymers of
different chain topologies has been an increasingly intense research subject during the last
decades. Block copolymers, as a result of their tunable phase separation behavior, are key building
blocks for a variety of functional nanostructured materials with potential applications ranging from
electronic devices to drug delivery [1-4]. In particular, triblock copolymers have been identified as
important components for the fabrication of highly functionalized nanomaterials.[5-8]
Amphiphilic block copolymers consist at least of two incompatible polymer block chains that are
covalently connected, one polar block chain which is soluble in water (the hydrophilic group) and
one nonpolar block which is insoluble (the hydrophobic group)[1-9].

Experimental

Synthesis of macro PEG difunctional RAFT agent.

The difunctional HO-PEG (10,000 g/mol), 4-(dimethyl amino) pyridine (DMAP) and RAFT agent
1 were dissolved in dichloromethane (DCM). 1,3-dicyclohexylcarbodiimide (DCC) was dissolved
in DCM and slowly added to the reaction mixture. The reaction was allowed to continue for 1
week. Upon completion, the product was filtered off to eliminate urea and washed with water. The
product was dried over magnesium sulphate, filtered off and the excess DCM was removed under
reduced pressure. The product is a yellow solid.

Polymerization procedure in solution (Entry 4 in Table 1).

In a typical polymerization Macro PEG difunctional RAFT agent (1) (0.3 g, 0.028 mmol), Styrene
(Sty) (0.278 g, 2.67 mmol), 4,4-azobis(4-cyanovaleric acid) (0.0028 g, 0.01 mmol), and 1,4-
Dioxane/acetonitrile (4.0 mL) were mixed in a glass vial. This mixture was transferred to a 10 mL
ampoule containing a magnetic stir bar. The oxygen was removed using 5 freeze-thaw evacuation
cycles, and the ampoule was sealed with flame under vacuum. The solution was heated to 90 °C in
an oil bath with magnetic stirring. At designated time, the polymerization was stopped by cooling
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to room temperature. The polymerization yield was obtained gravimetrically by adding a fivefold
excess of ethyl ether. The polymer product was purified by dissolution in the minimum amount of
DCM followed by adding a fivefold excess of ethyl ether and decanting. This procedure was
repeated three times to remove residual monomer followed by drying under vacuum to constant
weight. Triblock polymer was obtained as a yellow solid, 17% yield (calculated by NMR).

Polymerization procedure in bulk (Entry 6 of Table 1).

In a typical polymerization Macro PEG difunctional RAFT agent (1) (0.3 g, 0.0277 mmol),
Styrene (Sty) (0.55 g, 5.33 mmol), 4,4-azobis(4-cyanovaleric acid) (0.0017 g, 0.006 mmol) were
mixed in a glass vial. This mixture was transferred to a 10 mL ampoule containing a magnetic stir
bar. The oxygen was removed using 5 freeze-thaw evacuation cycles, and the ampoule was sealed
with flame under vacuum. The solution was heated to 70 °C in an oil bath with magnetic stirring.
At designated time, the polymerization was stopped by cooling to room temperature. The
polymerization yield was obtained gravimetrically by adding a fivefold excess of ethyl ether. The
polymer product was purified by dissolution in the minimum amount of DCM followed by adding
a fivefold excess of ethyl ether and decanting. This procedure was repeated three times to remove
residual monomer followed by drying under vacuum to constant weight. Triblock polymer was
obtained as a yellow solid, 66% yield (calculated by NMR).

Results and Discussion

In this work we use a commercially available di-hydroxy-terminated PEG as starting material for
the synthesis of a difunctional macro RAFT agent (hydrophilic segment, B). By transforming the
hydroxyl group from PEG into the required macro RAFT agent on both ends of the PEG-chain.
Finally we use the macro PEG difunctional RAFT agent to polymerize styrene blocks on both
sides of PEG (hydrophobic segments, A) (Figure 1).

The focus of this investigation is the synthesis of copolymers with controlled structure in terms of
the length of both the PEG block and the styrene block. With exact control of the
hydrophobic:hydrophilic ratio (A, hydrophobic, B hydrophilic segments of the copolymer). The
strategy was to use the following tri-thiocarbonate acid-functional RAFT agent (1) for the
formation of the difunctional macro-RAFT agent for copolymer synthesis. A trithiocarbonate type
of RAFT agent was selected to have a wider choice of monomers to block-copolymerize; it is
known that trithiocarbonates works well for RAFT polymerization of styrenes, methacrylates,
acrylates and acrylamides.
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Figure 1. Synthesis of difunctional macro- RAFT agent

As a result fo the block copolymerization with styrene, the PS segment of the polymer can be
grown onto the macro RAFT agent at both ends of the PEG. A difunctional PEG macro RAFT
agent, which will in turn lead to the formation of a ABA tri-block copolymer (Fig. 1). Table 1
shows result of copolymerization experiments in solution and in bulk. The obtained triblock
copolymers show low polydispersities as determined by GPC. Furthermore, the molecular weights
range from 13 thousand g/mol up to 35 thousand g/mol, all starting from a molecular weight of the
macro-PEG of 10 thousand g/mol. This indicates that the ability to grow polystyrene is equal
independently if we decide to grow short blocks or long blocks into de macro-PEG. Figure 2
shows FT-IR spectra for macro-PEG difunctional RAFT agent and triblock copolymer. Aromatic
C-H stretching at 3010 cm™ is evidence of the presence of styrene in the triblock copolymer.
Attempts to carry out synthesis of triblocks copolymers in solution at 70 °C resulted in bimodal
molecular distributions, indicating that polystyrene was growing separately from the macro-PEG.

Table 1. Copolymerization of styrene using di-functional PEG macro RAFT agent at 90 °C (MW=10756 g/mol).

Entry Concentration Time (h) Macro-PEG  Styrene AZO M, of Triblock PDI
(mM)? (mmol) (mmol) by GPC (g/mol)
1 4 23 0.028 5.33 0.010 13170 1.30
2 2 23 0.028 5.33 0.006 15330 1.11
3 2 23 0.028 5.33 0.010 17240 1.28
4 2 23 0.028 13.3 0.006 23290 1.31
5 4 40 0.028 5.33 0.010 14360 1.35
6P 2 0.028 5.33 0.006 35410 1.23

*Mixture of p-dioxane-acetonitrile. "The polymerization was carried out at 70 °C in bulk.
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Figure 2. FT-IR spectrum of a) Triblock PS-b-PEG-b-PS y b) macro-PEG difunctional RAFT agent

Conclusions

A difunctional macro-PEG RAFT agent based on trithiocarbonates was developed. Triblock
copolymers were successfully prepared via RAFT copolymerization of styrene with the PEG-
based difunctional macro RAFT agent prepared. The triblock copolymers were obtained by bulk
polymerization and solution at 90 °C successfully. The styrene block copolymer content was
varied at will from 18% to 69% conserving low polydispersities.
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Abstract

Currently, the use of macromolecules to include in the same structure two monomer units to
provide different properties is increasing. The method of synthesis of these polymers can vary
and can be difficult depending on the chemical nature of these monomers. An alternative
synthesis process is the controlled-living polymerization techniques. In the present study was
synthesized polyacrylamide by RAFT polymerization. The synthesis was carried out in solution
polymerization. The agent used were benzyl ditiobenzoate (BDB).

The CTA and acetonitrile were added into a reactor equipped with condenser and mechanical
stirrer. The mixture was vigorously agitated, purged with nitrogen during 1 h, and heated to 82
°C under agitation. Then, the initiator ACVA was added to the mixture to start the reaction, and
bubbling was maintained during all the polymerization reaction, this step was run for 5 h. The
polymer obtained was insoluble in acetonitrile. The polymer was recovered by filtration and
washed with methanol to remove traces of residual monomer and initiator, and finally filtered
and dried under vacuum at 40 °C for 48 h. The Mn was obtained by and *H NMR and SEC. The
PDI was determined by SEC.

Introduction

Water-soluble polymers represent an important class of macromolecules which have been utilized
extensively in water treatment, mining, and enhanced oil recovery and as dispersants, stabilizers,
coatings, etc., in personal care and pharmaceutical formulation.

Only recently, however, have techniques for precise synthetic design of architectures with
specified molecular weights become available. These techniques, identified in the literature as
controlled/“living” radical polymerization (CLRP) or simply controlled radical polymerization
(CRP), have been the focus of extensive research as evidenced by the proliferation of manuscripts
including several reviews. Of the CRP techniques, reversible addition-fragmentation chain transfer
(RAFT) is arguably the method of choice for preparation of water-soluble (co)polymers. Not only
can diverse classes of monomers with wide-ranging functionality be polymerized, but this can be
accomplished directly in water, often without the necessity of protecting groups, provided
judicious choice of chain transfer agents (CTAS), initiators, and reaction conditions.

In this paper we pretend to synthesize polyacrylamides by RAFT Polymerization. To do this we
used the CTA benzyl dithiobenzoate (Figure 1). This initial investigation will be ground for the
next synthesis of block copolymers and terpolymers.
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Experimental
Synthesis of benzyl dithiobenzoate (BDB)

This compound was synthesized from phenylmagnesium bromide, carbon disulfide and benzyl.
Phenylmagnesium bromide was obtained from the reaction of 0.3 moles of phenyl bromide with
0.31 moles of magnesium in dry THF and iodine as indicator. The beginning of the formation of
PhMgBr occurred at 45 °C, at this temperature was observed a change in the color of the reaction
mixture of red-brown to transparent. The reaction continued until the magnesium reacts
completely, showing again a gradual change in color from clear to gray-green characteristic of the
Grignard compounds. Then continued with the addition of 0.3 moles of carbon disulfide CS;
diluted in 10 mL of dry THF in an interval of 30 minutes, the temperature was maintained at 45
°C. Finally the gradual addition of 0.31 mol of benzyl bromide, the reaction remained under
stirring and inert atmosphere overnight. Purification of benzyl dithiobenzoate was performed by
column chromatography using silica gel as packing and hexane as eluent. Yield 40.56%, the
compound was characterized by *H and **C NMR and its structure was confirmed by GC/MS.

Synthesis of polyacrylamide

The synthesis was carried out in solution polymerization. The CTA and acetonitrile were added
into a reactor equipped with condenser and mechanical stirrer. The mixture was vigorously
agitated, purged with nitrogen during 1 h, and heated to 82 °C under agitation. Then, the initiator
ACVA was added to the mixture to start the reaction, and bubbling was maintained during all the
polymerization reaction, this step was run for 5 h. The polymer obtained was insoluble in
acetonitrile. The polymer was recovered by filtration and washed with methanol to remove traces
of residual monomer and initiator, and finally filtered and dried under reduced pressure at 40°C
for 48 h. The M, was obtained by and *H NMR and SEC. The PDI was determined by SEC.

[@===(7)]

Hp

o C

Figure 1. Benzyl dithiobenzoate

Results and Discussion

In the first step the Kkinetic was performed by free radical polymerization of acrylamide. The
results are shown in Table 1. The kinetics followed for 5 h, but from 60 min, conversion was
above 90%.The polyacrylamide had a M, of 150 000 g/mol and PDI of 2.
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Table 1. Kinetics of polyacrilamide by free radical polymerization

time h Mn g/mol PDI
1 102 600 2.16
2 106 900 2.158
3 110 500 2.139
4 138 900 2.065
5 157200 2.024

Then we made a kinetic with a low concentration of CTA = 0.1 mM, under the same reaction
conditions. According to the data obtained (Table 2), the PDI and M, values were lower than in
the case of the free radical polymerization, which is a proof of the living behavior in the reaction.

Table 2. Kinetics of polyacrilamide with a CTA=0.1 mM

time h Mn g/mol PDI
1 104 500 1.957
2 97 390 1.888
3 86 940 1.818
4 81 040 1.725
5 69 210 1.719

In order to obtain lower polydispersity values, the Kinetics was performed at molar ratio of
[CTAJ/[I] = 1 and [CTA)/[I] = 2 mM. In this case the kinetics was followed by *H NMR. Figure 2
shows as disappear the signals corresponding to the monomer between 5.8 and 6.3 ppm at 5 h of
reaction.

ppm

Figure 2. Kinetics of polyacrylamide followed by 1H NMR

According to the data obtained by SEC the polymer synthetized at 6 h had a PDI of 1.22 with a M,
of 3000 g/mol.
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Conclusions

The transfer agent selected has a good control over the polymerization reaction of polyacrylamide
even at low molar ratio of [CTA]/[I]. The living character offered by this RAFT agent is currently
evaluated.
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Several work groups have functionalized silica nanoparticles (NPSi) with nitroxide groups to obtain
hybrids alkoxyamines, nevertheless, all these ingenious approaches involve several steps of
synthesis and purification methods. Thus, the preparation of functional alkoxyamine is a
complicated multistep process. On the other hand, there are a few explorations about synthesis of
polymer/silica hybrid composites by nitroxide mediated polymerization in recent years[1].

In the present work we functionalize NPSi (A200, from Degussa) with TEMPO moieties (hybrid
alkoxyamine) in a only one step of synthesis using oxoammonium salts (Br-TEMPQ) at 2°C during
4h in the presence of tri-ethylamine and dichloromethane[2]. Using this proposed approach, we
produce NPSi with different level of functionalization by varying the amount of salt added (S1F1,
S1F3 and S1F5). The hybrid alkoxyamines were characterized by FT-IR and TGA analysis, in
where high level of functionalization were founded.

In order to demonstrate the use of S1F1, S1F3 and S1F5 as hybrids alkoxyamines in the controlled
graft polymerization of styrene (St) from their surface, was developed a kinetic of grafting in vials.
Each vial was charged with St and functionalized silica and were placed into a recirculation heating
bath at 125°C. After 30, 60 and 120 min. were recovered from the heating bath. The polymer
formed containing NPSi was precipitate into methanol. The NPSi-g-PSt and "free™ PSt were
separated and the NPSi were dissolved to recover the PSt grafts. Grafts of polystyrene were
characterized by GPC.

In all cases, grafts of PSt grow in controlled fashion: PD = 1.0 - 1.1 and a gradual shift of the
chromatograms of GPC towards high molecular weights. In the case of S1F5, was less notorious
this shift because containing more concentration of nitroxide.
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Abstract

Functionalization of carbon nanotubes (CN) with polymers have been widely studied however, CN functionalized
with polymers are not available yet at industrial scale and are very expensive. On the other hand, Graphite Oxide (GO)
under high both temperature and pressure leads to obtain Expanded Graphite (EG). GO is cheaper, available at large
scale, and their expansion and functionalization, arises as a alternative to the CN.

In this work, a novel route to obtain EG and functionalized at the same time, using nitroxide groups is presented.
Commercial natural graphite NG was expanded in the presence of solvent, nitroxides or initiator using one synthetic
pathway. It is proposed that the defects in the surface of the platelets (double bonds) allow the abstraction of hydrogen
atoms forming a radical centered in carbon which is trapped by the nitroxide, carrying out the functionalization of NG.
EG and NG were characterized in detail by XRD and SEM. The results suggest that the NG was expanded around
20% by the covalent bonding of nitroxide groups to the platelets, which helps to the separation of graphite layers. The
work proposed here has several advantages over the previous methods, including a high efficiency of expansion
process, the use of a non-toxic intercalant, and the capability for mass production of expanded graphite for industrial
applications.

Introduction

Currently, the use of graphite nanoplatelets (GNPs) has been of considerable attention as an
alternative to metal and its low cost as conventional electrically conductive reinforcement, the
composites with polymeric matrices GNPs are able to dissipate the load. [1] Some studies suggest
that the composite undergoes a transition from insulator to conductor by gradually increasing the
content of the conductive charging, and presents a typical behavior of percolation, which is
attributed to the formation of several continuous paths for the electron or a transmission system in
polymer composites with filler content above the percolation threshold. The problem of
percolation of reinforced polymer nanocomposites GNPs is smaller than conventional loads, such
as carbon fibers and carbon black, due to its extremely large surface area and their high aspect
ratio of the GNPs. [1]

A number of works about growth and expansion of graphite have been reported.
Among them, micromechanical cleavage 1is currently the most effective and
reliable method to produce high—quality sheets of expanded graphite. However,
the low productivity of this method makes it unsuitable for large-scale
applications. [2]

In this first study, we speculate that using nitroxides, could be a advantage because these stable
radicals can be react with the defects (double bonds) present in the graphite; these allows to find
modest levels of expansion between the layers of the GN. This method involves only one chemical
step under mild conditions, in which, surface is functionalized with organic groups (nitroxides).
We speculated that the nitroxides can be of help to increase the degree of expansion, and the
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surficial area due to the organic groups attached to each stack of graphite. This expansion, is
necessary for increase the dispersion and compatibility of expanded graphite with the polymer
matrix.

Experimental

Expansion using TEMPO and initiator: The basic strategy involved in the expansion of natural
graphite (GN) is carried out through the reaction with initiator and TEMPO to produce expanded
graphite nanoplatelets (GNPs). The fabrication process is outlined in Figure 1. There are three
main steps:

(1) Natural Graphite was dispersed in a suitable solvent.

(2) Graphite dispersion, TEMPO and initiator were stirred and heated in a small beaker.

(3) On completion of the reaction, the mixture was filtered under vacuum, washed and
finally dried under a vacuum.

Nitroxides

Graphite Nanoplatelets

Natural graphite

Figure 1. Process using TEMPO

X-Ray Diffraction. Analysis by X-ray diffraction was carried out on a PANalytical Empyream,
radiation CuKal, Cu anode, A = 1.54060 A, operated at 35 mA, 40 kV, with a 20 scan of 9.9 at a
99.9 of total time in a continuous scan mode with a Bragg-Brentano geometry.

Scanning Electronic Microscopy (SEM). The surface morphology, was conducted by a 15kV HV
SEM analysis in a SEM Field Emission Model FEI Nova 200 Brand NanoSEM. The sample
preparation was performed using a drop of the dispersion on a sample holder for SEM. The study
was performed using the secondary electron detector.

Results and discussion
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Figure 3. XRD patterns a) NG and b) GNPs

XRD patterns of samples from natural graphite and expanded graphite are showed in figure 2. In
XRD pattern, the peaks coincide exactly, before and after treatment of expansion, the only
difference, is the main peak intensity, which decreased from 49180 to 37380 counts. Using these
values we calculate the percent of expansion, equivalent to reduction of 24%.

For NG peak intensity at 20 = 26 ° indicates a highly organized crystalline structure. The main
peak for expanded graphite decreases its intensity. This was attibuted to: i) The graphite layers
have been separated due to the presence of functional groups, and ii) the disordered structure of

expanded graphite caused by the binding of functional groups.
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Figure 3. SEM micrographs. a) NG and b) GNPs
SEM micrographs of NG and GNPs are presented in Figure 3a and 3b respectively. For NG
stacks are observed with a flat and smooth, well-defined borders with a thickness of 100 nm,
with dense distribution. For there is a distribution GNPs is less dense, irregularly shaped, rough
surface, rounded edges and spots on the surface, probably due to the presence of organic groups
have an increased separation and there are some platelets with thickness less than 100nm.

Conclusions

This study has provided a novel method in order to expand and functionalize natural graphite to
produce GNPs, which can then be dispersed in polymer matrices or non-polar solvents.

This method is relatively inexpensive and friendly, because it involves a single step

The techniques used for characterizing reveals that the natural graphite was expanded slightly, in
other words, TEMPO groups were intercalated into the galleries of the natural graphite.
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Abstract

This work presents a simple approach for the end-functionalization of hydroxyl-terminated polymers with
nitroxide moieties using oxoammonium salts (OS). The functionalization is carried out using only one
synthetic pathway in which are found high levels of functionalization (90%). A mechanism for the
functionalization with TEMPO moieties using OS is proposed in which the formation of peroxide groups is
suggested. The structures of the functionalized polymers are characterized in detail by *H NMR, *C NMR,
DQF-COSY, and HETCOR. Bifunctional macroalkoxyamines are used to demonstrate how to extend the
polymer chain for the synthesis of amphiphilic triblock copolymers by polymerizing St in a second block
mediated by a nitroxide radical which provides the block length control.

Introduction

Great interest has been focused on functional polymers as building blocks for the synthesis
of block and graft copolymers.™ In particular, amphiphilic block copolymers are very
attractive materials from both the scientific and the industrial point of view due to their
hydrophobic/hydrophilic behavior.? In particular, the synthesis of triblock copolymers
such as PSt-b-PPG-b-PSt, PSt-b-PDMS-b-PSt, or PSt-b-PEG-b-PSt using a prepolymer of
poly(propyleneglycol) (PPG), polydimethylsiloxane (PDMS), or poly(ethylene glycol)
(PEG), respectively, previously functionalized at the ends of each chain with nitroxide
moieties, in the presence of styrene (St) monomer have been less studied. On the other
hand, nitroxides are stable free radicals that in the presence of a specific counter-ion could
lead to oxoammonium salts (OS).B) This kind of salts are powerful, selective, and
nonmetallic oxidants extensively used for the oxidation of primary and secondary alcohols
to aldehydes and ketones, respectively.”! But in the presence of a base (e.g., triethylamine,
Et3N), its chemistry of oxidation radically changes to a chemistry of functionalization,
which is not an obvious result. Nowadays, all strategies of synthesis developed to obtain
amphiphilic diblock or triblock copolymers of PPG, PEG, or PDMS with PSt, using
bifunctional macroalkoxyamines and St involve numerous synthetic pathways and
sophisticated methods of purification. In this work we show a simple, direct, and general
approach for the end-functionalization of hydroxyl-terminated polymers (PDMS, PEG, and
PPG) with nitroxide moieties using OS [Br-2,2,6,6-tetramethylpiperidine-N-oxyl
(TEMPO)] in the presence of Et3N in solution. Notice that, as far as we know, the OS has
not been used before for this end in polymers.

Experimental

+
Macromol. Chem. Phys. 2011, 212, 1654-1662
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Synthesis of Oxoammonium Bromide Salt: Br-TEMPO. Bromine was added to a solution of
TEMPO. A brown solid (Br-TEMPO) was formed instantaneously and was purified by a
Soxhlet extraction system using CCls. Br-TEMPO salt was dried over vacuum at room
temperature overnight.

Synthesis of the Bifunctional Macroalkoxyamines. Three kinds of macroalkoxyamines were
synthesized. The reaction conditions for the functionalization of PPG (purified on a
chromatographic column to remove the antioxidants), PEG, and PDMS with nitroxide
moieties using OS are summarized in Table 1. Functionalize polymers were washed with
THEF, filtered and finally purified in a chromatographic column.

Table 1. Reaction conditions for the functionalization of hydroxyl-terminated polymers
with TEMPO moieties, using oxoammonium salt (OS, Br-TEMPO).

Polymer Substrate Am M, OH OS Et;N CHyCl, Time Temp.
ount (Da) (mol) (mol) (mol) (mL) (h) (°C)

(9)
PPG-T PPG 25 3500 0.041 0.041®% 0.045 100 12 60
PEG-T PEG 1 600 0.004 0.008” 0.008 2.6 12 60

PDMS-T PDMS 10 4250 0.005 0.01” 0.02 10 24 40

® Using a stoichiometric relation (1:1) of OH groups:0S and PPG purified (without antioxidant); ® Using an
excess of OS (1:2) with respect to PEG or PDMS without purification.

Synthesis of Amphiphilic Triblock Copolymers. In order to demonstrate the extension of the
polymer chain, we decided to use two bifunctional macroalkoxyamines for the synthesis of
triblock copolymers of PSt-b-PPG-b-PSt and PSt-b-PDMS-b-PSt, respectively, by
polymerizing St in a second block mediated by a nitroxide radical. Table 2 summarizes the
reaction conditions for each case. The reaction mixture was purified in methanol twice, and
the polymer obtained was characterized by SEM or TEM.

Table 2. Polymerization conditions used for the synthesis of amphiphilic triblock
copolymers at 130 °C in toluene.

Copolymer Bifunctional Amount  Toluene St T
macroalcoxlamine (9) (mL) (h)
Type  M,(Da) (99 (mL)
PSt-b-PPG-b-PSt PPG-T 4392 0.5 80 207 1.86 14
PSt-b-PDMS-b-PSt  PDMS-T 6170 5 20 15 13.5 4

Results and Discussion

Proposed Reaction Mechanism. The simple synthetic route, to obtain functionalized
polymers at the ends of each chain with TEMPO moieties using OS (Br-TEMPO) is shown
in Figure 1. The reaction mechanism proposed to obtain (2) involves a radical substitution
by a free-radical process. In this reaction, it is assumed that the hydrogen atoms presents in
the hydroxyl groups at the ends of each polymeric chain can be abstracted by a bromine
radical generating hydrobromic acid (HBr). Thus, an oxygen-centered radical site at the
ends of each chain is formed,” which is then quickly capped by the nitroxide radical in
order to form (2). The HBr formed is trapped by Ets;N to form triethylamine hydrobromide
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(EtsNHBr). In a second stage, amphiphilic block copolymer (3) is formed using (2) in the
presence of St and solvent at 130 °C during 14 h.

) - - mj? @
60°C
. + — = +EtNHBr
H EGN, CHCL
— OH —0. _H
(1]

e o
2

s Shrene ¢ Y poans oS
Monomer

Figure 1. Schematic representation proposed of the functionalization of hydroxylterminated
polymers with TEMPO using OS (Br-TEMPO) and their use in the synthesis of block
copolymers.

Functionalization of Hydroxyl-Terminated Polymers with TEMPO Using Oxoammonium
Salts (Br-TEMPO): FTIR Analysis. Unmodified PPG and PPG-T were characterized in
detail. PPG: 3509, 1342, and 662 cm™ corresponding to stretch vibrations (O-H) of the
intermolecular hydrogen bonding, CH-OH and out-of-plane OH bonding of the bend O-H
group, respectively. In the region of 2867-2962 cm™ symmetrical (vs) and asymmetrical
(vas) stretching vibrations of C-H, corresponding to CH, and CH3 groups, were observed. A
strong absorption band at 1094 cm™ was attributed to a stretching vibration from C-O-C.
Also, a stretching vibration of C-O of primary alcohol was observed at 1012 cm™. In case
of PPG-T new bands at 3122 and 2759 cm™ was attributed to -CH2- and -CH3 groups of
the piperidine ring from TEMPO. Also, at 724 and 614 cm™ were observed and were
attributed to N-O bonds of the piperidine ring from TEMPO and NO-OC bonds (peroxide
groups), respectively.!® Notice that the broad vibration band at 3509 cm™ from PPG is not
present in the PPG-T spectra which, jointly with the vibration at 614 cm™, suggests that the
functionalization was successful.

NMR Analysis. The structure of the unmodified and functionalized polymers was evidenced
by NMR. In the case of PEG unmodified, the polymer only exhibit typical resonances
centered at 9=3.2ppm attributable to hydroxyl groups from the alcohol —CH,-OH of the
hydroxyl terminated PEG. At 6=3.53ppm was observed a resonance attributed to two
protons of the —OCH,— group.!”. PPG showed typical resonances centered at 6=1.1, 3.4 and
3.63 attributed to -CH,—, -CH-, and —CH3; groups, respectively. In the PEG-T structure,
new resonances were observed centered at 0=1.36, 1.63, 1.81, and 2.15ppm attributed to —
CHay— groups of the piperidine ring from TEMPO and resonances centered at 6=0.3 and
0.2ppm were attributed to —CHs— groups from TEMPO. In the case of PPG functionalizated
with TEMPO was observed the same resonances that in the case PEG-T. All these new
assignments were confirmed by *C NMR, DQF-COSY, and HETCOR.

Functionalization efficiency. Based in the experimental chemical shifts, the new chemical
composition was estimated and the degree of functionalization. The chemical shift in the
range of 6=1.83-2.15 (-CH,-) was considered for the estimation of the final chemical
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composition in all cases (PPG-T and PEG-T). The efficiencies of functionalization obtained
by *H NMR and by titration with iodine (as indirect test) are shown in Table 3. In Table 3,
we can observe that the key to obtain high values of functionalization (f) is to remove the
antioxidants present in the prepolymer prior to functionalization. The degree of
functionalization was calculated according to the Equation 1

amount of nitroxide from 'H NMR

Ec. 1 degree of functionalization = ————x 100
amount of OH capable of functionalization

Polymer Amount of OH available Nitroxide content Degree of
for functionalization (mol)  (by *H NMR) (mol) functionalization (%)
'"HNMR  Titration

PPG-T 0.041 0.0369 90 88
PEG-T 0.004 0.0036 90 89
PDMS-T 0.005 0.0024 50 45

GPC Analysis. In order to demonstrate the application of the previously functionalized
polymers (PPG-T, PEG-T, and PDMS-T) as bifunctional macroalkoxyamines in the
controlled chain extension polymerizing St monomer as second block and confirm the
possibility of synthesizing block copolymers, we decided to study for the PPG-T and
PDMS-T, the chain extension by GPC to obtain block copolymers of PSt-b-PPG-b-PSt and
PSt-b-PDMS-b-PSt. Thus, Table 4 shows the gradual shift of the molecular weights
towards high molecular weights exhibiting low polidispersities, indicating that the chains of
polymer were growing in a controlled fashion.

Table 4. The GPC analysis shows the increment of molecular weights to higher and narrow
polidispersities.

PPG- PPG-T  PSt-b- PDMS-  PDMS-T  PSt-b-PDMS-b-
OH PPG-b-PSt  OH PSt
M, (Da) 3500 4392 5967 4250 6170 7374
PD 1.03 1.1 1.37 15 1.6 1.64

Morphology. In the figure 2A is observed a microphase segregation (as in HIPS case)
reveling spherical morphologies. The sample was not stained, thus the continuous phase is
attributed to PSt domains. In the figure is observed that spheres formed presents similar
sizes, this because the control that the nitroxide provides. In the figure 2B, the same sample
was annealed with toluene vapors by 10 min at room temperature the spherical, domains
showed a rearrangement, exhibiting a more ordered packing and, as a consequence, a
smaller distance between them.
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Figure 2. SEM images. A) PSt-b-PPG-b-PSt and SEM analysis obtained by casting (THF).
B) PSt-b-PPG-b-PSt and SEM analysis (after annealing with toluene).

Conclusions

Hydroxyl-terminated polymers can be functionalizated using oxoamonium salts (Br-
TEMPO) giving as result a bifunctional macroalcoxiamine which was experimentally
corroborated by FT-IR, *H NMR, and *C NMR. This macroalcoxiamine was employed in
presence of styrene monomer to the synthesis of aphiphilic block copolymers. The
oxoamonium salts are strong candidates to the functionalize polymers with OH groups
situated at the end of the polymeric chain. Was proposed a new mechanism of
functionalization in where peroxide groups are formed. Also was demonstrated that
bifunctional macroalcoxiamine in presence of styrene monomer can produce block
copolymers, this was demonstrated by GPC in where obtain narrow polidispersities and
higher molecular weights. Finally, the morphology of the block copolymer was evidenced
as spherical morphologies.
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Abstract

A comparative study of the reversible addition—fragmentation chain transfer and free radical polymerizations of a-
methylbenzyl methacrylate (a-MBM) in solution at 70 °C using 1-phenylehtyldithiobenzoate (1-PEDB) as RAFT
agent and AIBN as thermal initiator is showed. Polymerization rates in RAFT polymerizations are lower than in
conventional free radical polymerization. Conversion vs time profile indicated that the polymerizations followed first
order kinetics. By NMR and UV-Vis confirmed the presence of thiocarbonylthio moieties (SCS) in the polymer
chains. The molecular weight distributions (MWDs) were moderately narrow (9 1.59 - 1.12)

Introduction

The main advantages of free-radical chemistry are the undemanding conditions required for
polymerization and the large number of monomers that can be polymerized. The disadvantage of
this method lies in the uncontrollable polymer structure. However, the application of living free-
radical polymerization has opened the possibility of generating controllable macromolecular
architectures with mild reaction conditions. The RAFT technique is probably the most versatile
because it exhibits a high degree of compatibility with a wide range of functional monomers and is
tolerant of water and oxygen in the system [1]. RAFT process is a polymerization in the presence
of a dithio derivative that reacts by a series of reversible addition—fragmentation steps (Scheme 1).

L] S——=C——S—R Kadd P,—S—C——S—R k/; P,—S—C—g .
P+ | — | — 4w
k
z K.add z -p z

Scheme 1. Fundamental reaction step in the RAFT mechanism proposed

Our group is focused on the CRP kinetics studies of functional monomers [2], in this sense it was
previously evaluated the ATRP and RAFT polymerization of N-(S)-a-methylbenzyl
methacryloylamine (N-(S)-o-MBMA) [3, 4] and also the ATRP of the a-methylbenzyl
methacrylate (a-MBM) under different reaction conditions [3]. Now, in the present contribution
the RAFT polymerization of a-MBM is evaluated.

Experimental

Synthesis

The monomer o-methylbenzyl methacrylate (a-MBM) was synthesized according to follow
procedure: methylbenzyl alcohol (0.206 mol) without solvent was reacted with freshly distilled
methacryloyl chloride (0.309 mol) and 33.4 mL of a 37% NaOH solution. After 6 h, the mixture
was filtered to separate the two liquid phases from the salt formed, the oily phase was treated
several times with a 10% Na,COs3 solution to obtain an uncolored liquid with a yield of 68%. IR
(KBr), v(cm™): 1717 (s, ester, vC=0), 1156 (s, ester, vC-0), 1635 (s, vinyl, vC=C), 942(s, 5CH,
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CH2=). 1H NMR (CD3Cl, 300 MHz) &: 1.6 (d, 3H, CH3), 2.0 (s, 3H, CH3), 6.0 (t, 1H, CH), 6.2
(s,AH, CH2=), 5.6 (s, 1H, CH2=), 7.4-7.2 (m, 5H, Ar). 1-Phenylethyl dithiobenzoate (1-PEDB)
was synthesized as reported by Le et al. [5]. *H NMR, & (ppm): 1.8 (d, 3H, CHsCH), 5.3 (g, 1H,
SCHCH3), 7.2-8.0 (m, 10H, ArH). *C NMR, & (ppm): 20 (CHs), 50 (SCH), 126-146 (ArC), 227
(C=S).

CHj

1-PEDB CHs

a-MBM
Scheme 2. Structures of the RAFT agent and monomer

Characterization

NMR spectra were obtained on a Varian Mercury VX300-MHz, UV-vis spectra were obtained in
chloroform at 25 °C using a quartz cell of 1 cm with an Ocean Optics SD2000 spectrometer.
Molecular weight data (Mw) were determined on a multi-angle light scattering detector (DAWN
Heleos from Wyatt) and molecular weight distributions were measured by size exclusion
chromatography (SEC) on a Hewlett Packard modular system with a mixed PL Gel columns (1 K-
4 M) using a differential refractive index detector (HP 147 A). The eluent was THF (HPLC grade)
at flow rate of 1 mL/min at 40 °C. The system was calibrated using narrow polystyrene standards
(ranging from 162 to 6.8x10° g/mol).

Dilatometry

The polymerization reactions were monitored through a well-established dilatometric method.
Monomer conversion was traced using a contraction factor k, according to x = AV/Vk. Here AV is
the change in volume present in the capillary; V is the initial solution volume. AV is determined
by nr2Ah; where r is the inner capillary radius and Ah is the change in height of the solution
contained in the capillary (both expressed in cm), k was experimentally calculated from (py-pm)/pp
ratio, where pp, and pn are the densities of the polymer and monomer, respectively. The density
values were measured by a pycnometric method.

Results and Discussion

The conversion profile decreases significantly when the 1-PEDB is added into the reaction with
respect to the blank experiment (see Figure l1a and 1b). In addition, Figure 1c shows that the
Kinetics adequately fit a first-order reaction (like show the R-square values), which indicated that
the propagating radical concentration remained nearly constant throughout the reaction as is
expected for the living systems.
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Figure 1 Kinetics polymerization of a-MBM at [M]o=0.2 (4), 0.5 (#), 0.7 (A) and 1.0 M (m). [I]=2x 10-3M at 70

°C, in toluene a) conventional free polymerization and RAFT polymerization b) conversion profile and c)

In[M]/[M]o trend

'H NMR spectrum of the poly(a-MBM) using 1-PEDB as RAFT agent displayed a weak signal
at around of 7.5 ppm, which is assignable to aromatic protons from of the RAFT fragment (see
Figure 2a) [6]. To confirm the presence of the -SC(S)- groups incorporated into polymers, the
UV-vis spectra of polymers synthesized with and without RAFT agent were recorded (Figure

KN

Poly(o-MBM) without RAFT
T T T T T T T T T . . . .
8 7 6 5 4 3 2 1 0 200 250 300 350 400 450
ppm wavelenght (nm)

Figure 2 a) 4 NMR spectrum in CDCI3 of poly(a-MBM) synthesized in presence of 1-PEDB and b) UV-vis
spectra comparison of poly(a-MBM) synthesized with and without RAFT agent and the UV-vis spectrum of 1-
PEDB.

Molecular weight (M,) data of polymers synthesized by free radical polymerization are
summarized in Table 1, and My, M, and polydispersity of 1-PEDB mediated polymerizations of
o-MBM are shown in the Figure 3, as it can seem the molecular weight distributions (MWDs)
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were moderately narrow (P 1.59 - 1.12) and are lesser than corresponding in conventional
polymerization.

Table 1. Molecular weight data obtained by MALS for the free radical polymerization of a-MBM at fixed [I]p = 2
-3
107 M.

[M]o % conversion M, (g/mol)

0.2 3.85 39 310

0.5 8.65 103 300
0.7 12.5 252 600
1.0 15.86 714 900

Mn =5821

Mn = 6410 ~—PDI=112

PDI=1.35

Mn = 8091
PDI =159

Normalized signal

5 6 7 8 9 10 1
elution time (min.)
Figure 3. Evolution of the molecular weight distribution for 1-PEDB mediated a-MBM polymerization

Conclusions

Kinetics of the free radical and RAFT polymerizations of a-MBM was successfully monitored by
dilatometry. Conversion vs time profile indicated that the polymerizations followed first order
kinetics. *"H NMR and UV-Vis studies confirmed the presence of thiocarbonylthio moieties (SCS)
into the polymer chains. Polydispersity index (P 1.1 - 1.59) indicated that the control of the
reaction is moderately good using 1-PEDB, which is a typical RAFT agent.
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SYNTHESIS AND CHARACTERIZATION OF DI-, TRI- AND MULTI-BLOCK
COPOLYMERS BASED ON POLY (E-CAPROLACTONE) AND POLY(LACTIC ACID)

Peponi Laura *, Navarro-Baena lvan %, Marcos-Fernandez Angel*, Kenny José Maria®

1. Institute of Polymer Science and Technology ICTP - C.S.1.C. - Spain
2. lpeponi@ictp.csic.es
3. University of Perugia, Strada di Pentima 4, 05100 Terni - Italy

The aim of this work was to synthesize and to characterize di-block, tri- and multi-block
copolymers based on aliphatic polyesters such as polylactic acid (PLA) and poly(e-caprolactone)
(PCL). These materials have been chosen due to their biodegradability as well as biocompatibility
properties. Moreover PLA and PCL are promising materials in regenerative medicine, they present
good processability, mechanical properties and shape memory effects[1-2].

The specific goal of this research was to study the effects of the molecular weight on the
crystallinity and on the morphological architectures of PCL-b-PLA di-block, PLA-b-PCL-b-PLA as
well as PCL-b-PLA-b-PCL tri-block and multi-block copolymers|[3].

Different PCL-b-PLA and PLA-b-PCL for the di-block as well as PCL-b-PLA-b-PCL and PLA-b-
PCL-b-PLA for the tri-blocks have been synthesized by Ring Opening Polymerization, varying both
the length of the blocks and the relative content of each block in the copolymers

The morphology-property relationships have been analyzed by nuclear magnetic resonance
spectroscopy (NMR) allowing the assignment of the block-length and the molecular weight of each
synthesized di- tri- and multi-block copolymers.

The influences of the nature of the block copolymers and the amount of each block in the
amorphous and/or crystalline nature of the di-block as well as of the tri-blocks have been verified
by DSC thermograms and by Small Angle X-Ray Scattering (SAXS) experiments.

The crystalline nature of PLLA is not influenced by the presence of PCL.
For MnPLLA > 980 g/mol the PLLA is crystalline.
The crystalline nature of PCL is influenced by the presence/nature of PLLA.
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SYNTHESIS OF A NOVEL POLYASPARTATE MACROINITIATOR AND ITS
COPOLYMERIZATION WITH STYRENE

Oyervides-Mufioz, E.”, Pérez-Berumen, C., Barajas. L., Lopez, L., Séenz, A.
Universidad Autonoma de Coahuila, Saltillo, México. catalinaperez@uadec.edu.mx

In recent years, the development of green chemistry has play a main role in the discovery and
progress of new synthetic routes of chemical processes, always using renewable feedstocks,
optimized reaction conditions and better catalysts for improvement of selectivity and energy
minimization, as well as regarding the design of bio-/environmentally compatible compounds and
materials [1].

The importance of polymeric materials incorporating biodegradability and biocompatibility is
increasingly been recognized for a large number and variety of applications. Thus, the
macromolecular design and synthesis of these polymer has been extensively studied in recent years.
Among these polymers, poly (amino acids), having a protein-like amide linkage, are known as
biodegradable polymers, and has been used for medical, cosmetic, and other industrial materials.
Specially, poly(aspartic acid) (PASP) is a promising water-soluble and biodegradable polyamide
that can be obtained from the hydrolysis of polysuccinimide [2].

In this work, we describe the functionalization of PASP with cyanovaleric acid in order to use it as a
macroinitiator for its copolymerization with styrene. In a first step, the polysuccinimide (PSI) was
obtained by polycondensation of aspartic acid. Then, the PSI was hydrolyzed and functionalized
with cyanovaleric acid. The synthesized macroinitiator was used to initiate a free-radical
polymerization of styrene. The copolymer thus obtained shows the structural advantages of the
polystyrene combined with the biodegradable properties and hydrophilic character of PASP.
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INFLUENCE OF HYDROPHOBE, SURFACTANT AND SALT
CONCENTRATIONS IN HYDROPHOBICALLY MODIFIED ALKALI-
SOLUBLE POLYMERS OBTAINED BY SOLUTION POLYMERIZATION

Claudia Cecilia Rivera Vallejo, Enrique Jiménez Regalado, Ramiro Guerrero Santos, Hortencia
Maldonado Textle
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Abstract

The rheological properties of hydrophobically modified alkali-soluble polymers to different hydrophobic
macromonomer concentrations in the presence of various concentrations of anionic surfactant and salt were
investigated. Associative polymers containing both ionic sites and small number of hydrophobic groups were
prepared, and their thickening properties in aqueous solution were investigated. Solution polymerization was used for
obtained the different polymers. Relationships between hydrophobe, sodium dodecyl sulfate (SDS) and salt (NaCl)
concentration are proposed. Owing to the competition between attractive hydrophobic interaction and repulsive
electrostatic interactions, such hydrophobically modified polymers exhibit various rheological behavior in aqueous
solution depending on hydrophobic macromonomer, SDS and NaCl concentrations.

Introduction
Water-soluble polymers modified with relative low amount of a hydrophobic comonomer (< 5
mol%) have been the subject of extensive research efforts during the past decade because of their
interesting rheological behavior in aqueous solution[1-16]. Intermolecular associations give rise to
enhanced viscosification properties.

On the other hand, polyelectrolytes have been known for a very long time as efficient thickeners,
specially in salt-free solution, because of intermolecular charge-charge repulsions that lead to coil
expansion.

For the production of thickeners with improved properties, we therefore considered water-soluble
polymers containing both hydrophobic and ionic groups in order to combine the advantages of
polymolecular association and the polyelectrolyte effect [17-22].

To enhance the performances of associative polymers in paint and coating application, a better
understanding of the associative interactions between associative polymers and salt and surfactant
is needed. Depending on the nature of the additives, the thickening behavior can either decrease or
increase. Over the last 30 years, most of the studies focused on the behavior of hydrophobically
modified ethylene oxide urethane (HEUR) thickeners.[1-6] Some studies on hydrophobically
modified alkali-soluble emulsion (HASE) polymers have recently been reported.[7-12]

HASE polymer can be classified as a hydrophobically modified polyelectrolyte. When neutralized
in aqueous solution with suitable base, the latex particles are ionized as a result of the acid-base
reaction. The partially neutralized polymer becomes water soluble and the polymer chains expand
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owing to the mutual repulsion of the negative charges along the polymer backbone. Beyond a
certain polymer concentration, the hydrophobic moieties along the polymer backbones associate
inter-molecularly to form a network structure. This network structure greatly increases the solution
viscosity and thickens the solution significantly. Addition of small salt concentrations removes
the electrostatic repulsion between charges on the polymer backbone, which decreases the
stiffness of the polymer chain. The conformation changes of the polymer chain from one of high
to lower persistent chain length disrupt the intermolecular junctions. This causes the polymer
network to collapse, reducing the hydrodynamic volume occupied by polymer chains and micellar
clusters, thereby lowering the viscosity. By introducing sufficient amounts of surfactant, the active
junctions can be strengthened by the adsorption of surfactant molecules decreases the functionality
of polymer junctions. Consequently, a larger number of mechanically active junctions are
assembled, which give rise to enhanced rheological properties.

We report here some results of an investigation into the synthesis, characterization, and solution
properties of different polymers containing methacrylic acid, ethyl acrylate and an hydrophobic
macromonomer obtained by solution polymerization. The specific features of the
copolymerization methods used as well as their influence on the copolymer microstructure were
examined. The aqueous solution properties of the copolymers were studied in the steady-shear
viscosity properties in the absence and the presence of surfactant and salt. We compared the
thickening abilities of the various samples, giving special attention to the effect of hydrophobic
macromonomer, surfactant and salt concentration.

Experimental

Polymer synthesis

Terpolymers of methacrylic acid (MAA), ethyl acrylate (EA) and a macromonomer (MM) were
prepared by solution copolymerization method. Three different polymers were prepared. Typical
experimental condition were as follows: In a flask ball three neck, equipped with condenser,
magnetic stirring and oil bath temperature-controlled, were added the ethyl acrylate (EA),
methacrylic acid (MAA), macromonomer (MM), ethyl alcohol (EtOH) and 1 wt% of AIBN with
respect to total feed monomers, immediately the flask was keep in the oil bath at 70 °C.
Polymerization was carried out for 2 h under an argon atmosphere. A polymer without MM was
synthesized using the same reaction conditions to compare the rheological properties. After the
polymerization, tetrahydrofuran (THF) was added to dissolve the polymer, subsequently the
polymer was precipitated and purified using hexane. The polymer was dried under vacuum at
50°C. The total solid concentration in the polymerization was keeping constant to 63.1 wt% in the
systems. The characteristics of the polymers are given in Table 1.

Molecular Weight. The molecular weights of the samples were determined by size exclusion
chromatography (SEC) (using THF grade HPLC as solvent), on a HPLC Hewlett Packard serie
1100.

Characterization. The composition of polymers was determined by 1H-NMR spectroscopy using 1

wt% solution in CDCI3 at room temperature in a JEOL 300 MHz spectrometer.
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Polymer | Composition (g)/(mol) | EtOH | Conversion |SEC | SEC Ip
MAA/EA/MM (9) Mn Mw Mn/Mw

BO 16.6/16.6/0
0.1658/0.1928/0

Bl 16.6/16.6/4.1 22.0 |99 78477 159485 |2.03
0.1658/0.1928/0.00546

B2 16.6/16.6/10.8 26.0 |94 71659 |140404 [1.96
0.1658/0.1928/0.01708

B3 16.6/16.6/16.6 29.3 |91 69758 | 127046 (1.82
0.1658/0.1928/0.02614

Sample preparation. Solutions of polymer were prepared by directly dissolving of 1.5 wt% of
polymer into deionized distilled water, all of the polymer solutions were neutralized to a pH ~ 9
with small amounts of concentrated 2-amino-2-methyl-1-propanol (AMP) solution, the correct
amounts of SDS (5, 10 and 15 mM) and NaCl (0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 M) were added to
the system and each solution was gently stirred until the solution were homogeneous.

Rheological measurements. Rheology determinations were performed at 25°C in a Paar Physical
UDS 200 controlled stress rheometer using either a cone and plate geometry (2° angle and 50 mm
diameter). The zero shear viscosity was obtained by extrapolation of the apparent viscosity at very
low shear rate.

Results and Discussion

Figure 1 shows the apparent viscosity (n) as a function of the shear rate ( y) for the four samples
studied. The BO sample shown a Newtonian behavior to all the shear rate studied. The samples
containing hydrophobic groups (B1,B2 and B3) shown the same behavior but different viscosity,
to small shear-rate, the systems are Newtonian; that is , there is no detectable variation of n with
Y, when the rate is augmented, the Newtonian behavior is followed by a shear-thinning behavior;
this shear-thinning is due to the breakdown of the intermolecular hydrophobic interaction, which
produce a decrease in viscosity. We observed that the viscosity is increase when the sample have
more hydrophobic macromonomer, that is, BO < B1< B2 < B3.
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Figure 1. Variation of the apparent viscosity (n) versus shear-rate (y ) of the four samples
synthesized. C = 1.5 wt%.

Figure 2 shows the variation of the steady-state viscosity n as a function of shear rate y for B3
sample at different SDS concentrations, in aqueous solution. The sample without SDS present a
large Newtonian behavior follow for a small shear thinning behavior, and low viscosity (~ 100
mPa.s); when SDS is aggregate, the viscosity increases drastically, and the samples exhibit a
stronger shear thinning behavior. The maximum viscosity observed as a function of SDS was at 10
mM concentration, followed by a decrease of viscosity at 15 mM of SDS.
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Figure 2. Variation of n) as a function of y for the B3 polymer at different SDS concentrations. C =
1.5 wt%.
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Figure 3 shows the n0 as a function of SDS concentration (CSDS) for the three polymers studied.
It is observed that the addition of surfactants to the solutions of associative polymers has dramatic
effects on the rheological properties of the medium because links represent associative polymer
micellar high-affinity domain interactions with surfactants [23-30]. In many cases, has been found
that this effect is strongly dependent on the nature and level of addition of surfactant. The classical
behavior of this mixture associative polymer/surfactant is: there is an increase in viscosity when
SDS is added, reaching a maximum in this case the three samples presents this maximum to CSDS
=10 mM, to concentrations SDS higher (> 10 mM) show a decrease in viscosity. This behavior is
attributed to the fact that the added surfactant molecules allow the formation of more hydrophobic
domains and the formation of surfactant-polymer micelles. As a result, the average distance
between micelles decreases. This allows the conversion of bound chains interlinked networks and
strengthening networks with corresponding changes in viscosity, reaching an optimal
concentration of surfactant. The observed decrease in viscosity above this surfactant concentration
is attributed to an increase in the number of surfactant micelles lose their chance meeting with a
hydrophobic group of a different polymer chain in a given micelle, and thus the network
hydrophobic groups dispersed and solubilized by the surfactant. The BO behavior is already
reported for the system without hydrophobic groups, a Newtonian comportment as a function of
the surfactant concentration is observed at all the surfactant concentrations studied, the surfactant
quantity added not modified the viscosity of the samples due the absence of hydrophobic groups.
The different viscosity presented by the samples (B3 > B2 > B1 > BO0) is due to hydrophobic
concentration in the terpolymers.
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Figure 3. Variation of n0 as a function of CSDS for the four polymers studied. C = 1.5 wt%.

Figure 4 shows the variation of the steady-state viscosity n as a function of shear rate y for B2
sample at different NaCl concentrations, in aqueous solution. From 0 to 0.2 mM of NaCl the

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011



145
MACROMEX 2011

samples show a pronounced Newtonian behavior followed by a shear-thinning effect, from 0.3 to
0.5 mM the samples present a Newtonian behavior followed by a marked shear-thickening effect
and finally a shear-thinning behavior. This shear-thickening effect is due to breakdown of the
intramolecular associations and the formation of new intermolecular unions.
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Figure 4. Variation of n as a function of y for the B2 polymer at different NaCl concentrations. C
= 1.5 wt%.

Figure 5 shows the n0 as a function of NaCl concentration (CNaCl) for the four polymers studied.
It is observed that the addition of NaCl to samples B3 and B2 have the same behavior shown for
the addition of SDS, i.e. the viscosity increased to a maximum followed by a decreased, this is
possibly because at low NaCl concentrations, the molecules of this salt will be positioned in the
middle hydrophobic junctions causing that the union is stronger, giving as result the increase in
viscosity. Wang et al.[31] observed that the addition of salt at the appropriate level can enhance
the viscosity of C18-modified PAA, due to the conformational changes and the enhanced
interchain aggregation resulting from hydrophobic interactions. Upon the addition of NaCl, the
polymer exhibits a transition from a nonaggregated to an aggregated polymer cluster, provides an
electrostatic shield between charges along the polymer backbones. The polymer backbone
contracts, which disrupts the intermolecular associative junctions, yielding smaller clusters with
predominantly intramolecular association. The reduction in the active junctions has a significant
impact on the rheological properties (decrease of viscosity), this behavior has been observed also
for Tan et al. [32]. While the sample B1 shows a Newtonian behavior, i.e. no change in viscosity
at all NaCl concentrations studied, this is possibly due to the low concentration of hydrophobic
groups in the middle. Due that the behavior is the same shown for the addition of surfactant with
hydrophobically modified polymers, the scenario can be the following (i) At low NaCl
concentration, there is non-cooperative binding of the salt to the hydrophobic entities leading to
the formation of both mixed unifunctional and plurifunctional aggregates. In a mixed
unifunctional aggregate, only one hydrophobic entity or two entities belonging to the same
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polymer molecule are incorporated. These mixed aggregates do not contribute to the high
frequency elasticity of the system. A mixed plurifunctional aggregate contains several
hydrophobic entities from different chains and therefore acts as a cross-link. The latter can be
obtained either by a bridging effect of the salt onto several associating sequences initially isolated,
or by binding of the salt onto a preexisting cross-link. In both cases, this leads to a strong
enhancement of the viscosity of the system. (ii) At high salt concentration, the hydrophobic groups
are saturated with salt and the excess of salt is localized in the aqueous medium resulting in the
disruption of electrostatic repulsion of the polymer and the reduction of viscosity. While the BO
sample shows a decrease of viscosity when the NaCl concentration is increase, this is possibly due
to that the polyelectrolyte does not contain hydrophobic groups, the salt instead of going to lie in
the hydrophobic parts are dispersed in the aqueous medium to produce the breaking of the
electrostatic repulsion and the decrease of viscosity.
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Figure 5. Variation of n0 as a function of CNaCl for the four polymers studied. C = 1.5 wt%.

Conclusions

The systems investigated here are hydrophobically modified polyelectrolytes obtained by solution
polymerization in which the hydrophobe content was varied. The influence in the rheological
properties as a function of surfactant and salt concentration were investigated. The resultants of
the interactions of polyelectrolyte with surfactant shown a typical behavior of associative
polymers, with first an increase and then a decrease in the values of zero-shear viscosity. While for
the case of the influence of salt, the polyelectrolyte which does not contains hydrophobic groups is
observed a decrease in viscosity as the amount of salt is increased, this is due to breaking of the
electrostatic repulsion present in the polymer, For polyelectrolytes containing hydrophobic groups
have a surfactant-like behavior, i.e. the viscosity increases to a maximum followed by a decrease
of it in function of the amount of salt, this can be attributed that the salt initially is localized in the
hydrophobic groups present in the polyelectrolyte resulting in increased of viscosity, at high salt
concentrations, the hydrophobic parts are saturated with salt and the excess of salt is dispersed in
the aqueous medium to produce the breaking of the electrostatic repulsion and the decrease of
viscosity.
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RESPONSIVE GLYCOPOLYMERIC BIOMATERIALS
Kiick, Kristi L.™

1. Department of Materials Science and Engineering, and Biomedical Engineering, University of
Delaware, Newark, DE, USA

Macromolecular structures that are capable of selectively and efficiently engaging cellular targets
offer intriguing approaches for mediating biological events. We have employed a combination of
biosynthetic tools, bioconjugation strategies, and biomimetic assembly in the design of new
materials for such applications.

In our early work, we have demonstrated that the interactions of heparin-modified glycopolymers
with heparin-binding peptides and proteins can be used in the formation of hydrogels [1,2]. The
release of growth factors from these materials, in response to cell-surface receptors, provides a
novel mechanism for targeted delivery via delivery-mediated erosion, and has been demonstrated in
vitro and in cell culture [2, 3]. We have also demonstrated the moderate changes in the elastic shear
moduli of the heparinized materials cause marked differences in the adhesion and proliferation of
cardiovascular cells [4], suggesting long-term, simple strategies for engineering desired therapeutic
outcomes at select locations in vivo.

Our recent investigations have suggested the utility of elastomeric polysaccharide-binding
polypeptides in cell encapsulation [5], as well as the promise of thiol-based adducts for controlling
triggered hydrogel degradation and drug release. These materials may therefore be employed to
develop a range of hydrogel-based therapies useful in cardiovascular applications.
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POLYMER NANOFIBER CONSTRUCTS AS MATERIALS FOR REGNERATIVE
MEDICINE AND MODELS FOR FUNCTIONAL BIOLOGICAL SYSTEMS

Whnek Gary E.”, Meng Linghui, and Fullana Matthew

Department of Macromolecular Science and Engineering, Case Western Reserve University,
Cleveland, Ohio USA 44106

Significant opportunities exist for the fabrication of materials having a useful biological function
(e.g., enzyme activity) that are easily fabricated and utilized. Electrostatic polymer processing (e.g.,
electrospinning and electrospraying) has the versatility to meet these characteristics. Several classes
of polymers, including biodegradable synthetics (e.g., PLGA), biocompatible but non-
biodegradable synthetics (e.g., PVA, EVA) and natural polymers (e.g., collagen, fibrinogen) have
been studied. We have been interested in fundamental understanding of electrospinning in cases of
weak and strong polymer-polymer interactions in solution [1], and are now aiming to understand
more complicated situations involving biopolymers such as collagen. Toward that end, recent work
on collagen nanofiber electrospinning from benign solvents will be discussed [2] along with very
recent studies of its application in wound healing using a mouse model. We have also begun to
study nanofibrous polymers as models for functional biological systems, with special attention to
the axon cortical layer and its cation-exchange properties. Toward that end, we have found that
tubes of electrospun, highly-crosslinked poly(acrylic acid) [sodium salt] is responsive to calcium
ions, exhibiting significant shrinkage that can be reversed with a chelator such as citrate. The
prospect of fabricating an abiotic, polymeric mimic of an axon will be discussed.
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POLYMERIC COATINGS FOR RETINAL PROSTHESES
Scholz, Carmen.™, Obeid, Rodolphe®, Armstrong, Tracy*, Ulkoski, David*
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Hyacinthe, Québec, Canada

As chronic biomedical implants are expected to reside in the body for extended periods of time, the
surrounding tissue needs to be protected from possible adverse effects exuded from the implant, and
the implant itself needs to be protected from a potentially corrosive environment within the tissue.
There is an added challenge when the implant is an electrically active device, such as a retinal
prosthesis, and trace amounts of water can lead to electric device failure. We studied a variety of
hermetic sealants and we developed chemistries for the ring-opening polymerization of N-carboxy
anhydrides of amino acid using poly(ethylene glycol) or poly(oxazoline) as macro-initiators,
resulting in block copolymers of the following structures: PEG-b-paal-b-paa2 or PEG-b-paal-co-
paa2 and POX-b-paal-b-paa2 or POX-b-paal-co-paa2. The molecular weight of the block
copolymers is strictly controlled and shows a monomodal molecular weight distribution.

We report here on different methodologies to generate dense polymer coatings on implant surfaces:
(1) direct deposition of block copolymers, where the poly(amino acid) blocks constitute either a
random copolymer of two amino acids or a block copolymer and (2) “on-the-surface-chemistry”.
Direct depositions were performed on solid Au-surfaces to study the impact of molecular weight
and architecture and on Au-nanoparticles, which would be used on an actual implant. Secondly,
PEG-b-paa and POX-b-paa polymeric micelles were produced, with functionalized PEG and POX
chain ends forming the outer layer of the micelle corona. Poly(amino acid) “trunks” were single-
pointedly attached to the substrate thus forming a densely packed coating, and subsequently
decorated with the reactive polymeric micelles.
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NEW BIOBASED MATERIALS FROM RENEWABLE RESOURCES
H. N. Cheng™* and Atanu Biswas”
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2. National Center for Agricultural Utilization Research, USDA/Agricultural Research Service,
1815 N. University Street, Peoria, IL 61604

In agriculture, there is a fair amount of byproducts and waste materials. These materials typically
contain significant portions of cellulose and hemicellulose. A good opportunity is to take advantage
of these relatively cheap renewable resources and find uses for them in value-added applications. In
this talk, several possibilities will be described.

A particular example will be given of the use of byproducts from cotton processing. A proximate
analysis indicates that they contain about 30-31% cellulose, 17-18% lignin, 6-25% hemicellulose,
and lesser amounts of protein and oil. Under suitable conditions, these byproducts are susceptible
to chemical reactions. Thus, we have subjected them to iodine-catalyzed acylation reactions to
produce cellulose acetate and other cellulose esters. Furthermore, we discovered that these cotton
byproducts can swell in agueous NaOH-isopropanol solutions at high pH, in which state they
become susceptible to reaction with sodium monochloroacetate to form soluble carboxymethylated
products.
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NOVEL POLYESTER URETHANES WITH ENHANCED DEGRADABILITY AS
POTENTIAL BIOMATERIALS FOR SCAFFOLD APPLICATIONS
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1. Departamento de Quimica, Division de Ciencias Naturales y Exactas, Universidad de
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2. Departamento de Biologia, Division de Ciencias Naturales y Exactas Universidad de
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3. Departamento de Quimica y Tecnologia de Elastomeros, Instituto de Ciencia y Tecnologia de
Polimeros (CSIC), Juan de la Cierva 3, 28006 Madrid, Espafia.

Immobilization of enzymes in general improves biocatalytic performance. Several studies on the
immobilization of Yarrowia lipolytica lipase YLL onto different matrices have been made in the last
years in the Polymer group of the University of Guanajuato. Immobilized lipases have proved to
catalyze different oligomerization reactions, such as bulk ring opening polymerization of e-
caprolactone in the presence of different initiators. Biodegradable amphiphilic oligomers can be
obtained by this methodology using isosorbide as initiator. [1] Lipases have been also used to
produce PCL-diols (macrodiols) with controlled molecular weight. These macrodiols were used in
turn to produce (by a chemo-enzymatic procedure) biodegradable polyester urethanes (PURS). [2]

Recently, this methodology was used to obtain aliphatic segmented thermoplastic polyester urethanes
with hydrophilic character. Thermal and mechanical properties of the polymers depend mainly on the
structure of macrodiol. In vitro degradation rates studies show that polymers degrade by a surface
erosion mechanism. Cell-biological results indicate that obtained PURs are non-cytotoxic and
haemocompatible in vitro and exhibited good biocompatibility in vivo. In that way, this type of
PURs can be considered as excellent candidates for manufacturing of scaffolds to be used in tissue
regeneration.
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GLUCOSE/ISOSORBIDE BASED CHEMISTRIES: NOVEL THERMOPLASTICS,
THERMOSETS AND ADDITIVES

Jaffe, Michael; East, Anthony J.; Hammond, Willis; Feng, Xianhong; Saini, Prabhjot and Busto
Gabrielle

Medical Device Concept Laboratory, Department of Biomedical Engineering. New Jersey
Institute of Technology, 111 Lock Street, Newark, NJ 07103 USA. jaffe@adm.njit.edu

Glucose may be viewed as a chemical feedstock to produce new monomers, polymers and additives
for a broad range of chemical intensive applications, including biomaterials. Isosorbide and its
isomers are attractive because they as generally regarded as safe (GRAS), are a renewable resource
and can be made readily available at competitive pricing. These moieties offer molecular geometry
and chemical functionality compatible with many existing commercial chemistries. Applications
ranging from the replacement of Bis Phenol-A in thermosets, the creation of new, high performance
polyesters to the exploitation of the highly hydrophilic nature of some isosorbide derivatives in
biomedical applications are under investigation. Of special interest is the impact of asymmetric
reactivity, chirality and controlled stereochemistry in the design and performance of new, cost-
effective structures with commercial potential.

Support of the national Science Foundation, USDA and the lowa Corn Promotion Board is
gratefully acknowledged
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REACTIVE POLYMERS FOR CELL ENCAPSULATION AND EXTRA-CELLULAR
MATRIX

Stover Harald D.H.™, Potter Murray?, Gardner Casey M." Kleinberger Rachelle', and Cheng, Feng®

1. Department of Chemistry and Chemical Biology, McMaster University, Hamilton, Canada.
stoverh@mcmaster.ca.
2. Department of Pathology and Molecular Medicine, McMaster University, Hamilton, Canada.

Our labs develop synthetic extracellular matrices, primarily for immuno-isolation of therapeutic
cells. We recently described the formation of both core-crosslinked beads[1] and shell-crosslinked
[2,3] capsules containing live C2C12 murine cells, and their transplantation into immunocompetent
mice. Our approach to encapsulation is based on covalent reinforcement of cell-containing calcium
alginate beads, by sequential coating with self-crosslinking polyelectrolytes. We recently showed
that polycations such as poly-L-lysine, and polyanions containing electrophilic comonomers such as
acetoacetate, anhydrides or activated esters, can self-assemble on alginate beads and spontaneously
crosslink without need for small molecule reagents or photoinitiation. The resulting semipermeable
hydrogel networks show excellent promise of protecting transplanted allogeneic cells from the host
immune system.

This talk will describe the formation and properties of several types of hydrogel beads and capsules,
including their internal structure (fluorescent microsopy), viability of encapsulated cells, and their
interaction with the host immune system in mouse trials.

Access to such long-term immuno-isolating matrices is expected to be critical to clinical success of
therapeutic cells currently being developed in a number of labs, including glucose-sensing insulin-
producing cells derived from stem cells. We are also starting to explore the use of this polymer
platform to study cell-cell and cell-extracellular matrix interaction.
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BIDIMENSIONAL CELL GROWTH ON SEMICONDUCTOR POLYMERS
SYNTHESIZED BY PLASMA
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Abstract

Polymers such as polyaniline, PAn, polypyrrole, PPy, the polyallylamine, PAlly, and polythiophene, PTh, may have
semiconductor properties when are plasma polymerized and on the surface have functional groups as amines or
sulfurs of the thiophene ring. This makes them suitable for testing in cell culture. Glass substrates coated with the four
materials, PAn, PPy, PAlly, and PTh, were prepared Through the plasma polymerization technique, at powers of 15W,
30W and 50W and polymerization times of 15min and 30 min. These materials were characterized using standard
techniques for polymers, SEM, FT-IR-ATR and Raman spectroscopy. Human hepatocyte cells, HepG2, were cultured
on the substrates, with approximately 1x10° cells per material. The cell culture was made for 11 days and
photomicrographs of each sample were taken. The evolution of cell growth was followed in all materials (anchorage,
reproduction and monolayer formation).

Introduction

The surface modification is one of the most widely used techniques to search for the
biocompatibility of materials without altering their properties bulk. In our laboratory has obtained
excellent results with pyrrole plasma coatings, both in implanted materials and in coating tissue
engineering scaffolds[1-3]. Much of the success is associated with changing to a more hydrophilic
surfaces and the introduction of amines on the surface.

Based on the experience in this work surfaces were coated with other polymers that can provide
amines on the surface as allylamine and aniline, thiophene was also used to provide different
functionality with its sulfur content, plasma polymerization was carried out under different
conditions, since changing the electric field strength changes the chemical composition of the
surface by the complexity of the plasma polymerization [4].

Experimental

Polymer synthesis

In a radio frequency plasma reactor at low pressure with insulated electrodes (see Figure 1) thin
films were synthesized from different monomers: pyrrole (PPy), thiophene (PTH), allylamine
(PAI) and aniline (PAnN) at different conditions on the surface of conventional glass coverslip
(Corning, 22 mm x 22 mm), cleaned with acetone and fixed on the lower electrode, the separation
between the electrodes was adjusted to 1 cm, pressure in the reactor was decreased up to 10 Torr,
plasma was ignited at a power of 30 W and then adjusted the power to which took place the
polymerization (15W, 30W, 50W), then the monomer was introduced to the reactor (pyrrole,
thiophene , allylamine, aniline) continuously depending on the sample for 15 minutes or 30
minutes. After treatment, the reactor was turned off and kept closed for an hour in an atmosphere

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011


mailto:oagr@xanum.uam.mx

157
MACROMEX 2011

of monomer before opening to atmosphere and removing samples.

Figure 1. Plasma reactor

Contact Angle

To measure the contact angle a frontal photograph of the substrate with a drop of distilled water on
the surface was taken with a digital camera. Once the digital photograph was taken, we measured
the contact angle with the program ImageJ®. The procedure was repeated for each of the modified
substrates.

Infrared Spectra

FT-IR spectra were sampled directly into the polymer deposited on KBr pellets (Potassium
Bromide) introduced as substrates in the plasma reactor during polymerization, with a Perkin-
Elmer 2000 FT-IR spectrophotometer with a wavelength between 4000 to 400 cm-1 and 32 scans.

Cell Growth procedure:

1. Polymerized materials were placed in 12 culture dishes of 35 mm.

2. 2 ml (5x10° cells/ml) of HepG2 cells were added with growth medium.

3. The cell medium was changed every other day for 18 days.

4. The cells were cultured at a temperature of 37°C with 5% CO, and saturated humidity.

5. Cell proliferation was evaluated on the coverslips on days 2, 4, 8, 11, 14 and 18 of culture, with
an inverted microscope.

Results and Discussion
The characterization by contact angle showed that a change occurred on the coverslip surface of the
substrates used, where it is important to note that for all the monomers used in the polymerization
angles less than 90 ° were obtained, so that all surfaces tend to be hydrophilic, which contributes to
the anchorage of the cells. Surfaces with smallest angle were allylamine with 30W-15min and 30W-
30min and the highest contact angle was thiophene with 30W-30min.
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Figure 2 shows the measurement of contact angles for different polymerization conditions, the
contact angle of pyrrole increases with increasing power but shows no significant change when you
hold the power and polymerization time increases, this happens because when you increase the
power, monomer rings are destroyed and this gives the surface a more hydrophobic composition,
however when time increases more rings are not destroyed. In the case of thiophene we have the
reverse effect, the increase in power does not produce more hydrophobic radicals, but increasing the
time, the surface becomes more hydrophobic. The allylamine gives us more hydrophilic surfaces and
is only affected by time. Surfaces treated with aniline are more hydrophobic than those of thiophene
implying that more monomers are destroyed and this destruction results in a more hydrophobic
chemical composition.
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By means of FTIR, the presence of PPy, PTh, PAIlly and PAn was established, characteristic
absorption bands were identified, such as those found between 3500-3300cm™ showing the presence
of NH bonds as part of the molecule pyrrole, NH and NH2 bonds of the molecule of aniline,
absorptions of NH2 (3425 cm™) as part of the molecule of allylamine. Two absorption bands at 3459
and 2950 cm™ which can be assigned to the links-C = CH and CH respectively, the latter produced by
the destruction of the rings.

Cell Culture

We performed in vitro cell growth and it was studied on the substrates polymerized at different times
and power, presenting cell adhesion and proliferation of human hepatocytes, influenced by the power
and polymerization time applied.

It is important to note that the deposited films are not toxic because it was obtained cell adhesion and
growth on the surface of the substrates, the cells grew in all the films and only in the thiophene it was
observed that growth tended to form inhomogeneous agglomerates and took to long to reach
confluence.

Figure 3 shows the materials that showed better results for adhesion and cell proliferation:
a)Pyrrole30W-30min,b) Thiophenel5W-15min,c)Allylamine30W-15min,d) Aniline 30W-15min.

For coatings made of PPy it was observed that for the ones made at small power (15W) the
surface is fractured when they are in the culture medium, PTh coatings suffer fractures for all
powers and polymerization times, in the case of PAIlly the high power (50W) cause wrinkles in
the material surface and fractures in contact with the culture medium, the PAn coating material
have fractures for small power (15W-15min).
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Conclusions

The obtained result can be regarded as satisfactory since the materials surface modified by plasma
were shown to have good interaction and behavior at the cellular level (biocompatibility and
adhesion), so that the obtained materials have the potential to be used as a coating of scaffolds in
tissue engineering.
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ABSTRACT

Poly(dichlorophosphazene) was prepared by melt ring-opening polymerization of the
hexachlorocyclotriphosphazene. Poly[bis(2-hydroxyethyl-methacrylate)-phosphazene] and
Poly[(2-hydroxy-ethyl-methacrylate)-graft-poly(lactic-acid)-phosphazene] were obtained
by nucleophilic condensation reactions at different concentrations of the substituents. The
properties of the synthesized copolymers were assessed by FTIR, *H-NMR and *'P-NMR,
thermal analysis (DSC-TGA) and electron microscopy (SEM). The copolymers have a
block structure and show two Ty4s below room temperature. They are stable up to a
temperature of 100°C. The type of the substituents attached to the PP backbone determines
the morphology of the polymers.

Introduction

Polyesters, polyorthoesters, polyanhydrides, poly(R-amino acids), and polyphosphazenes
are degradable polymers that have been investigated for a variety of biomedical
applications such as sutures, drug delivery systems and scaffolds for tissue engineering [1].
Useful properties can be obtained by blending two different polymers. However compatible
polymer blends require strong molecular interactions between polymer chains [2].

Poly(organophosphazenes) offer an appealing platform for the design and synthesis of
novel biodegradable polymers as well as critical advantages for the design of biologically
functional macromolecules with a broad structural diversity [3] high functional density, and
tailored biodegradability [4]. These polymers are of scientific and technological concern
since the first work of synthesis reported by Allcock [5, 6].

Polyphosphazenes, PP, posses special characteristics, including flame-retardant properties,
high resistance to oil and solvents, and feasibility for tailored properties according to the
choice of organic, inorganic or organometallic side groups [7]. As biomaterials they have
inherent advantages, due to their biocompatibility and fast degradation rate. In addition,
degradation residues, phosphate, ammonia, and side groups, are either non-toxic when they
are present in small quantities or are easily metabolized by the human body [8, 9].
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Polyphosphazenes are hybrid polymers with a flexible inorganic backbone of alternating
phosphorus and nitrogen atoms and organic side groups. Their molecular weights vary from
3 to 10,000 (-N=P-) repetitive units having two substituents (-R) attached to the phosphorus
atom [7]. Polyphosphazenes are synthesized by reactions with alkoxydes, aryloxides, or
amines from a highly reactive macromolecular intermediate, poly(dichlorophosphazene),
which IS prepared by  thermal ring opening polymerization of
hexachlorocyclotriphosphazene (HCCP) at 250°C. The chlorine atoms can be further
replaced via nucleophilic substitution; using amino acid ester, imidazolyl, glyceryl, or
glycosyl side groups that are also hydrolytically sensitive [5].

The flexible inorganic backbone of the poly(phosphazene) structure plays an important role
in tissue regeneration. It can be modified with ester, anhydride, and unsaturated groups to
improve  chemical  stability  and mechanical properties. Co-substituted
poly(organophosphazenes) with unsaturated side groups are wused to prepare
interpenetrating polymer networks with acrylonitrile, styrene, acrylic acid, and methyl
methacrylate, using sequential interpenetrating methods. Such polyphosphazenes can be
readily crosslinked either by exposure to heat or to ultraviolet light [10].

In this work Poly[(2-hydroxy-ethyl methacrylate)-graft-poly(lactic acid)-phosphazene] and
Poly[bis(2-hydroxyethyl-methacrylate)-phosphazene] were synthesized by condensation
polymerization reactions.

The 2-hydroxyethyl methacrylate (HEMA) was selected to improve biocompatibility and
bifunctionality. HEMA was firstly attached to the side chain along with glycine-ethyl ester
to form a precursor with the unsaturated substituents. HEMA is used for prosthesis, teeth
and bones reconstructive materials, and it is frequently mixed with acrylic polymers, like
Bisphenol-A-glycidyl-dimethacrylate (Bis-GMA), in photo-polymerizable dental resins.
HEMA is intended to infiltrate the demineralised dentin and prevent collagen collapse [11].
HEMA melts at about — 12°C.

The Poly(lactic acid), PLA, was selected because it is a thermoplastic biocompatible and
biodegradable material with good mechanical properties, and its biodegradation products,
mainly lactic acid, are also non toxic nor cancerigenous to the human body [5, 12]. The
PLA chemistry involves the processing and polymerization of lactic acid monomer. Lactic
acid (HOCH3CHCOOH) is a simple chiral molecule which exists as two enantiomers, L-
and D-lactic acid. The polymer is relatively hard, with a glass transition temperature
between 60°C and 70°C and a melting point between 170 — 180°C.

Experimental

All materials used here were chemical grade. HEMA and LA were distilled just before use.
Hexachlorocyclotriphosphazene, HCCP, was purified twice by sublimation.
Poly(organophosphazenes) nucleophilic substitution scheme reaction is shown in Figure 1.
The Poly(dichloroposphazene), PP, was obtained by melt ring-opening polymerization of
HCCP under vacuum at 250°C for 3h. Typical PP-FTIR bands were observed at 1215 and
748 cm™, *'P-NMR peak at -16.1 ppm. The methods of polymerization and substitution
reactions to obtain PP-HEMA and PP-HEMA-PLA are described elsewhere [13].
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Figure 1. Scheme of the synthesis of poly(organophosphazenes).

Results and Discussion

PP-HEMA was obtained at two molar ratios: 1:3 and 1:6. The characteristic IR bands (cm
1y of the phosphazene backbone are: 2947 (CH,), 1720 (C=0), 1625 (C=C), 1473 (CO-0),
1033 (P-O-C), 1168, and the *'P-NMR peaks: 1.5 (6=ppm); *H-NMR pema[13] at 6.0 (1H),
5.4 (1H), 4.3 (2H), 2.0 (3H), 1.7 (2H) (8=ppm).

The synthesis of PP-HEMA-PLA involves chemical linking of HEMA and LA to the
polymer backbone and graft polymerization [14]. The typical IR bands (cm™) were: 3452
(polymeric -OH), 2947 (CH,), 1745 and 1724 (C=0), 1625 (C=C), 1477 and 1150 (CO-0),
1037 (P-O-C), 1172 (phosphazene backbone), and the *'P-NMR peaks: 1.5 and 0.6
(8=ppm); *H-NMRyema, 6.0 (1H), 5.4 (1H), 4.3 (3H), 2.0 (2H), 1.7 (2H) (5=ppm); as well
as 'H-NMRp_a peaks: 1.3 (3H) 3.5 (1H) 12 (1H) (5=ppm). For the PP-HEMA-PLA an
additional FTIR peak can be observed at 3452 cm™ corresponding to the polymeric alcohol
and at 1745 cm™ to the carboxylic group of PLA [12, 14-16].

The structure of PP, PP-HEMA-1:3 and PP-HEMA-1:6 were analyzed by *P-NMR. The
PP spectrum shows a peak at -16.1 ppm corresponding to low molecular weight
[P(CL)=N], [17], while the polymers PP-HEMA-1:3, PP-HEMA-1:6 and PP-HEMA-PLA
shows a peak at 1.5 ppm to the modified phosphazene [P(OR),=N],. In addition, the PP-
HEMA-1:3 shows a peak at 20 ppm which is assigned to six atoms ring; when the HEMA
ratio was increased to 6 mmol a complete chlorine substitution was obtained. For PP-
HEMA-PLA another peak appears at 0.6 ppm assigned to the substitution of chlorine by
PLA.

The thermal transitions of the polymers were determined by DSC. The obtained data
indicate that all polymers are flexible above 0°C. PP showed a single T4 at -90°C while
both PP-HEMA and PP-HEMA-PLA have two T4s: (a) for PP-HEMA-1:3 -71°C and -
6.6°C; (b) for PP-HEMA-1:6 -67°C and -7.5°C; and (c) for PP-HEMA-PLA -75°C and -
15°C. The lowest T4 value shown by each copolymer corresponds to the PP backbone.
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The T4 of PP-HEMA-PLA at -15°C corresponds to the PLA grafted on the PP backbone.
The Tyof PP-HEMA at about -7°C is attributed to the HEMA chemically attached to the PP
backbone. The observed Ty temperatures are similar to those reported elsewhere [14, 18].

The thermal stability of the polymers was analyzed by TGA. PP lost about 5% of weight
between 50°C and 100°C due to residual monomer evaporation. Between 200°C and 300°C
there is another 5% loss of weight, which is attributed to the elimination of chlorine. Above
300°C the PP degrades fast. PP-HEMA and PP-HEMA-PLA are quite stable up to 100°C.
The stability of PP-HEMA increases with the content of HEMA attached on PP because of
the good thermal stability of HEMA [19 Zhou]. In PP-HEMA-PLA the decomposition
temperature of PLA starts at 109°C [20 Lima]. Excluding monomer evaporation in PP, its
thermal stability is greater than that observed in the copolymers.

The surface of the polymers was examined by SEM (Figure 2). The PP shows a semi-
uniform surface while the copolymers show distinctive characteristics. PP-HEMA-1:3 and
PP-HEMA-1:6, show a rod like microstructure that is enhanced as the concentration of
HEMA increases. PP-HEMA-PLA shows a rod structure embedded in a continuous film.
Thus morphology depends on the type of the substituents attached to the PP backbone [21].

Figure 2. SEM images: (a) PP, (b) and (c) PP-HEMA at 1:3 and 1:6 and (d) PP-HEMA-PLA
Conclusions

Poly(dichlorophosphazene) was prepared directly by melt ring-opening polymerization of
hexachlorocyclotriphosphazene. This polymer was useful for the design and synthesis of
Poly[(2-hydroxy-ethyl-methacrylate)-graft-poly(lactic-acid)-phosphazene] and Poly[bis(2-
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hydroxyethyl-methacrylate)-phosphazene] by ring opening polymerization reactions, at
different  concentrations of the substituents. The chemical structure of
Poly(dichlorophosphazene),  poly[(2-hydroxy-ethyl-methacrylate)-graft-poly(lactic-acid)-
phosphazene] and Poly[bis(2-hydroxyethyl-methacrylate)-phosphazene] were determined
by FTIR, NMR and DSC. All polymers are flexible above 0°C and are thermally stable up
to 100°C. The morphology of the polymers depends upon the type and concentration of the
substituents attached to the PP backbone.
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Abstract

New processes were developed for fabrication of realistic scaffolds for use in bone tissue engineering, i.e., twin screw
extrusion, twin screw extrusion and spiral winding, twin screw extrusion and electrospinning and co-extrusion.
Scaffolds were fabricated with interconnected porosity from poly(caprolactone), incorporated with concentration
distributions of nanoparticles of hydroxyapatite and R-tricalcium phosphate for osteo-conductivity and various
bioactives for cell proliferation and differentiation. The scaffolds generated with the four different methods could all
be graded with respect to the porosity, pore size, distributions of the concentrations of bioactives and mechanical
properties in both the axial and radial directions to allow better mimicry of the complex elagance of native tissues.
Tissue constructs were generated by seeding the scaffolds with preosteoblasts or stem cells derived from bone marrow
and adipose tissue. In vitro experiments involving cell growth and migration, histology and mechanical properties
revealed that the PCL scaffolds can be suitable for repair of critical-sized bone defects and arthrodesis for spinal
fusion applications.

Introduction

Repair of large segmental bone defects, i.e., critical-sized defects, which occur due to blunt
trauma, tumor resection surgeries, pathological degeneration and congenital deformities, are
challenges for orthopedic surgery [1-4]. Currently, about 5-10% of procedures applied to repair
critical-sized defects result in delayed unions or non-unions [1-2]. Autografting is still the “gold
standard” in clinical bone repair procedures [3,5-7]. However, up to 30% of the autografting
procedures have complications associated with the donor-site morbidity, limited tissue
availability, varying quality and longer hospital stays [6-8]. Other alternatives, i.e. allografts and
xenografts, suffer from limited sources of supply, contamination risks, immunogenic
incompatibility and inability to incorporate with the host bone [3,7,8]. Designing synthetic bone
grafts offers an alternative route in treatment of critical-sized defects [1-8]. Clinical trials have
demonstrated the possibility of using metallic, ceramic and polymeric bone graft substitutes [5,9-
14]. It is generally understood that the bone grafts need to be (i) biocompatible, (ii) preferably
bioresorbable to prevent second surgery for removal after full recovery or due to late immunologic
response, wear or dislodgement, (iii) mechanically adequate and stable until functional bone tissue
forms within the defected area, and (iv) most importantly osteoconductive and preferably
osteoinductive [1,6-8,12].

A second approach, i.e., bone tissue engineering, attempts to utilize porous polymeric scaffolds
which are typically seeded with patient’s own stem cells. Tissue constructs are formed upon the
proliferation and differentiation of the cells on the scaffold within a bioreactor and implanted to
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defect site. Typical polymeric materials for such tissue engineering scaffolds are polyglycolide,
polylactide, polycaprolactone (PCL) and their copolymers or their biocomposites with particles
like hydroxyapatite and tricalcium phosphate as well as other bioagents like growth factors [6,7,9-
14].

The designing and fabrication of bioresorbable polymeric bone graft substitutes and porous
scaffolds for tissue engineering are both challenged by the complex structural and compositional
gradations found in human tissues [15,16]. For example, it would be desirable for the bone graft
substitutes used in the repair of critical sized defects in long bones like femur and tibia to
accommodate their changing porosities and moduli along their transverse and axial directions
[17,18]. Therefore, mimicking of such complex gradations found in native tissues can require
correspondingly complex gradations in bone graft substitutes and tissue engineering scaffolds
which exhibit tailored three-dimensional distributions in composition, structure and properties.
However, past efforts to generate bone graft substitutes and scaffolds with such gradations were
constrained by the available conventional scaffolding methodologies. Conventional methods of
generating graded scaffolds include layer-by-layer casting, freeze-drying, phase separation, and
rapid prototyping techniques including fused deposition modelling, 3D printing, selective laser
sintering, and stereolithography [15,16]. However, none of these methodologies are sufficiently
flexible to allow the reproducible and industrially-scalable grading of bone graft substitutes and
scaffolds for a wide range of compositions, porosities and mechanical properties.

Twin screw extrusion based technologies can be applied to the fabrication of radially and axially-
gradable porous structures from bioresorbable polymers and osteoconductive additives targeting
bone tissue repair and regeneration. These technologies that we have demonstrated include twin
screw extrusion, TSE, alone, TSE in conjunction with spiral winding, TSE with electrospinning
and co-extrusion. The fabrication of the graded structures was demonstrated here using PCL and
biocomposites of PCL with HA and TCP and PCL incorporated with insulin and G-
glycerophosphate [19-24]. The co-extrusion based graded scaffold fabrication was demonstrated
via bone graft substitutes which consist of an outer stiff layer of PCL incorporated with HA/TCP
and a softer core layer from PCL. The outer layer exhibits lower porosity and smaller pore sizes,
and the softer core layer exhibits higher porosity and larger pore sizes (inspired from
cortical/cancellous bone). The interconnected nature of the porosities of the inner and outer layers
should allow cell migration and exchange of nutrients and metabolic wastes in the radial direction
during bone regeneration [25]. Furthermore, the bioresorbable bone graft substitutes are also
graded in the axial direction. This was primarily by tailoring the concentration of the HA/TCP
used in the fabrication of the outer layer as a function of axial distance to give rise to a relatively
long bone graft substitute that is progressively stiffer in the axial direction.
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Experimental

Novel methods of graded scaffold fabrication
The four methods of scaffold fabrication are illustrated in Figure 1.

Figure 1. Different methods of graded scaffold fabrication developed at Stevens Institute of Technology

In twin screw extrusion and spiral winding the extrudates, the composition and porosity of which
can be altered as a function of time are wound on a simultaneously translating and rotating
mandrel to generate radially and axially graded scaffolds. Some examples of radial gradations of
porosity are shown in Figure 1 [21,22]. Figure 1 also shows the twin screw extrusion process
applied concomitantly with electrospinning to generate nanofibrous meshes which can be graded
with porosity, pore size and bioactive concentration distributions [19,20,23]. The two bioactives
used in the demonstration study for TSE-electropinning were R-gloycerophosphate and insulin.
The regions that are rich in insulin were determined to give rise to chondrocytic differentiation of
adipose-derived stem cells, whereas the regions that were rich in 3-gloycerophosphate were
determined to furnish greater degree of mineralization [23]. The other method that was applied to
generate axially and radially graded scaffolds of PCL is the co-extrusion method that was
demonstrated to generate distributions of porosity, pore size and concentration distributions of
TCP and HA in both the axial and radial directions (cage/core structures). The modulus of the co-
extruded scaffolds could be manipulated systematically in both the radial and axial directions.
When tissue constructs were generated by seeding bone marrow derived stem cells onto the co-
extruded graded scaffolds and samples were harvested as a function of time during cell
proliferation and differentiation in media, the gene expression levels and p-CT analysis revealed
the osteogenenic differentiation, bone ECM formation and mineralization as affected by the
gradations of the bioactive ingredient, i.e., HA and TCP concentrations [26].
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Conclusions

A series of novel fabrication methods were developed to better provide the means to generate
graded scaffolds from a bioresorbable polymer, PCL, and biocomposites of PCL with
osteoconductive particles of tricalcium phosphate, TCP, and hydroxyapatite, HA. These
fabrication methods included twin screw extrusion, twin screw extrusion in conjunction with spiral
winding and twin screw extrusion with electrospinning and co-extrusion.
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Abstract

Segmented polyurethanes (SPU) are polymeric biomaterials with a long history of medical use and
although the main area of application is the cardiovascular field, they have also been suggested for
bone tissue regeneration. In this regard, they have been used as elastomer [1], as composites with
B-TCP [2], Bioglass [3] or by increasing the rigid segment content [4]. More recently, our group
has reported the use of either L-glutamine or ascorbic acid as chain extenders in combination with
PCL and HMDI [5]. In this study, we present the results obtained with segmented polyurethanes
prepared with an aliphatic biodegradable diisocyanate (dimeril diisocyanate), polycaprolactone
and pB-glycerol phosphate (BGP). Their physicochemical and mechanical properties were
evaluated by FTIR, DSC, TGA, DMA, XRD, SEM and tensile mechanical testing. Their
accelerated biodegradation was studied in acidic (HCI), alkaline (NaOH) and oxidative (H,O,
NaClO) media and compared with an SPU prepared with butanediol (BD). FTIR showed typical
bands for polyurethanes at 3390 cm™ (NH), 1735 cm™ (C= 0), 1529 cm™ (C-N) although P-O
absorptions from B-glycerol phosphate were not clearly observed. The crystalline structure of the
SPU with BGP was observed by DSC (Tm=40.8 °C + 1.6°C) and by XRD (26 =21.4° and 23.6°)
and assigned to the PCL. The Tg of the soft segment, obtained by DMA, was observed at -
12.9+2.8°C for those SPUs prepared with BGP but at -20.8+£1.2°C for those containing BD. Two
decomposition temperatures (Td1=411°C y Td2=516.1°C) were observed by TGA for BGP and
BD containing SPUs. These polyurethanes showed elastomeric behavior (183%) while SEM
showed a granular surface (50-100 um diameter) in both polyurethanes. These polymers degrade
more under acidic and alkaline conditions than oxidative media.

Introduction

Segmented polyurethanes (SPU) are polymeric biomaterials with a long history of medical use and
although the main area of application is the cardiovascular field, they have also been suggested for
bone tissue regeneration. In this regard, they have been used as elastomer [1], as composites with
B-TCP [2], Bioglass [3] or by increasing the rigid segment content [4]. More recently, our group
has reported the use of either L-glutamine or ascorbic acid as chain extenders in combination with
PCL and HMDI [5].

For tissue engineering purposes, biodegradable SPUs can be prepared either using biodegradable
soft segments or biodegradable rigid segments. In the first case, polyester based polyurethanes
such as those based on PCL have been prepared [6,7] in addition to PLA- [8], PEO- [9,10] and
poly(3-hydroxybutyrate diol)- [11] based SPUs. On the other hand, as the rigid segment is formed
by the diisocyanate and the chain extender, there are two possibilities for preparing biodegradable
polyurethanes: the diisocyanate can be modified or the chain extender can be chosen from a
variety of important biological molecules. In this way, SPUs with biodegradable rigid segments
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have been prepared with aliphatic diisocyanates such as 1,4-butanediisocyanate (BDI) [6], ethyl
lysine diisocyanate (ELDI) [7], hexamethylene diisocyanate (HDI) [12], methyl lysine
diisocyanate (MLDI) [13] among others. In terms of the chain extender, various amino acids have
been used [12-17] and other low molecular weight compounds with a specific functionality or
activity [18].

In this study, we present the results obtained with segmented polyurethanes prepared with an
aliphatic biodegradable diisocyanate (dimeril diisocyanate), polycaprolactonediol, also a
biodegradable polyester type macrodiol and B-glycerol phosphate (BGP) which is found in
osteogenic culture media in addition to glutamine and ascorbic acid.

Experimental

Segmented polyurethane synthesis

SPU’s with a molar ratio of 2:1:1 (DDI:PCL:BGF or BD) were prepared in a two steps reaction.
The prepolymers were obtained by the reaction of poly(e-caprolactone)diol (PCL,Mn=2000,
Aldrich) with an excess of dimeril diisocyanate (DDI 1410, Cognis). Then, chain extension was
conducted with B-glycerol phosphate (BGP, Aldrich). For comparison purposes, a segmented
polyurethane was prepared using butenediol (BDO, Aldrich) as chain extender. The chemicals
used are shown in Figure 1. The SPU’s were abbreviated as SPUBGP121 and SPUBDO121

respectively.
,,C”O H%O\/V\JJO/\/G\/\OE‘\NV%H

Poly-e-caprolactone 2000 (PCL)
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Figure 1 Chemical structure of the reagents used for the SPU synthesis

Segmented polyurethane characterization

Spectroscopic studies

FTIR spectra of the SPU’s were obtained from thin films deposited onto KBr disks after
evaporation of their THF solutions using a Nicolet Protegé 460 spectrophotometer. Spectra were
recorded from 4000 to 400 cm™, averaging 100 scans with a resolution of 4 cm™.

Thermal characterization

Decomposition temperatures at peak (Td) were obtained by thermogravimetric analysis using a
TGA 7 from Perkin Elmer. 5 mg were heated from 45°C to 650°C at a heating rate of 5°C/min
under nitrogen atmosphere. Differential Scanning Calorimetry was used to determine the melting
point on the SPU’s using a Perkin Elmer DSC 7. In this case, 5-7 mg of the sample was heated
from 0°C to 150°C at 10°C/min under nitrogen atmosphere. Dynamic mechanical analysis as a
function of temperature was conducted using a DMA 7 from Perkin Elmer in the extension mode.
Rectangular specimens of 20x3x0.1 mm from SPU’s were subjected to a static force of 60 mN and
a dynamic force of 40 mN at 1 Hz. Storage modulus and Tan 6 were determined in the temperature
range between -100 °C to 150 °C at a heating rate of 5 °C/min.
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Microstructure Determination

The microstructure of the nanocomposites was observed by SEM using a Jeol 6310 LV. An
accelerating voltage of 20 kV was used and the samples were coated with gold. X ray diffraction
measurements were carried out with a D-5000 Siemen diffractometer (Karlsruhe, Germany) using
monochromatic radiation (CuKo A=1.5418A) at 35 kV and 24 mA. The samples were registered
in the range 5°<20<60° with a step count of 3s and a step size of 0.02° (20). For these experiments
1 cm? films were used.

Mechanical Properties

Tensile tests were carried out in a Shimadzu AG-I universal testing machine using a cross-head
speed of 50 mm/min according to ASTM D-412. We report the ultimate tensile strength (o), strain
at break (g) and modulus (E).

Accelerated degradation

Accelerated degradation was studied in acidic (2N HCI), alkaline (5 M NaOH) and oxidative (30%
H,0, and NaClO) media by placing a known amount of the SPUs under reflux during 24 h.

Results and Discussions

Figure 1 shows the FTIR spectra for the synthesized polyurethanes. Typical bands were observed
at 3390 cm™ due to NH stretching, at 1735 cm™(C=0) due to PCL and urethane linkage and at
1529 cm™ due to C-N bonds. However, P-O absorptions were not clearly observed in the
polyurethane prepared with BGF.

The crystalline structure of the SPU with BGP was observed by DSC (Tm=40.8 °C + 1.6°C) and
by XRD (26 =21.4° and 23.6°) and attributable to the PCL (Figures 2a and 2b respectively). SPU’s
containing BGF showed a single broad melting peak during the first and second heating. However,
those prepared with BDO showed two peaks during the first heating trace and a single endotherm
during the second heating suggesting a different crystallization of the PCL in the polyurethane.
XRD also showed additional reflections for the polyurethane prepared with BDO.

The Tg of the soft segment, obtained by DMA, was observed at -12.9+2.8°C for those SPUs
prepared with BGP but at -20.8+1.2°C for those containing BDO. These results suggest more
interactions of the soft segments with the rigid segments for BGF containing polyurethanes.

Two decomposition temperatures (Td1=411°C y Td2=516.1°C) were observed by TGA for
SPUBGP121 which were very similar for BDO containing SPUs. However, in these systems is not
easy to assign Td to either the rigid or the soft segment as both are decomposing simultaneously.

Figure 1 FTIR spectra of segmented polyurethanes. SPUBGF121 (top) and SPUBDO121
(bottom)
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a) b)
Figure 2 DSC thermograms (a) and XRD patterns (b) of SPUBGF121 and SPUBDO121

a) b)
Figure 3 DMA thermograms of SPUBGF121 and SPUBDO121. Storage modulus (a) and Tan &
(b)

a) b)
Figure 4 TGA thermograms of SPUBGF121 and SPUBDO12. Mass loss (a) and first derivative
(b)

Polyurethanes prepared with B-glycerol phosphate showed elastomeric behaviour (183%) and
slightly higher ultimate tensile strength (1.9 MPa) but slightly lower modulus (21.1 MPa) than
SPUB’s containing butanediol (E=1.1 MPa, 0=21.5 MPa, £=6.6%). SEM showed a granular
surface (50-100 um diameter) in both polyurethanes. These structures can be related to the
presence of PCL, where the grain size tends to be bigger in the SPU’s prepared with butanediol.
These polymers degrade more under acidic and alkaline conditions expecting caproic acid as the
main degradation product.

a) b)
SPUBGP121 SPUBDO121
Figure 5 SEM surface micrographs of SPUBGF121 (a) and SPUBDO12 (b).
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Conclusions

Polyurethanes containing p-glycerol phosphate were succesfully prepared in a two step solution
polymerization. These semicrystalline polymers exhibited good mechanical properties but not
comparable to either cortical or cancellous bone. However, due to their potential of biodegradation
(as demonstrated by their accelerated degradation) and the potential release of osteogenic
molecules (B-glycerol phosphate) they can be used in bone tissue regeneration. Furthermore, their
mechanical properties can be tailored to be similar to bone by increasing the content of rigid
segments.
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Gamma-radiation grafting technique has many advantages over other conventional methods
since it is a simple, efficient, clean and environment-friendly process. It usually allows
combining the synthesis and sterilization in a single technological step under easily
controlled conditions. Thus, irradiation is a very convenient method for the surface grafting
of smart polymers onto medical devices. In the last years, there has been a remarkable
growth in the research and development of synthetic polymers for biomedical components.
Stimuli-responsive polymers that are able to modify their properties in response to changes
of environmental factors have attracted a great attention. When the responsiveness is
predictable and reversible, the stimuli-responsive systems are termed “smart” or
“intelligent”. Smart systems can be designed to respond to a wide range of external
variables or physiological/pathological conditions, such as temperature or pH. Particularly,
surface-grafted responsive networks can endow medical devices with stimuli-controlled
loading and release of antimicrobial and anti-inflammatory agents for prophylactic or
therapeutic purposes. In this contribution, examples of the work carried out by our group
regarding the modification of polymeric films (PP, LDPE, PTFE or silicone rubber) by
gamma-radiation grafting of pH and thermo sensitive components (NIPAAmM, DMAEMA,
AAcC), using either pre-irradiation or direct method, and their biomedical applications are
presented.
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Abstract

Perforation of tympanic membrane, that causes chronic infections and hearing loss, can be surgically repaired by the
use of a chitosan implant to seal the perforation thanks to its excellent biocompatibility properties. To modify and to
control microstructural and physicochemical aspects of chitosan, several crosslinking agents were are used to obtain
crosslinked chitosan membranes: glutaraldehyde, triethylene glycol and functionalized polyethylene glycols into
glycol diglycidil ethers. It was found that the functionalized polyethylene glycols allowed tailoring the mechanical
properties of the chitosan membranes by increasing the % of elongation at break as the size of the functionalized
polyethylene glycol was incremented. Porosity and water absorption were reduced by the introducction of chemical
crosslinks. Further characterization of the thermal and mechanical properties of the membranes is also presented.
Biocompatibility studies showed that the glycol diglycidil ethers are promising candidates to be used as crosslinkers to
obtain biocompatible insoluble chitosan patches. Trial tests have begun for soluble chitosan patches to repair
perforated tympanic membranes. It was analyzed their capacity for bio-integration into perforated eardrums in New-
Zealand adult rabbits, and the consequent functional restoration, compared with the traditional muscle fascia. The
histological analysis reveals an increased thickness of the membranes for chitosan patches along with higher number
of fibroblasts compared with controls. Hence, we conclude that the soluble chitosan patch was structurally useful for
functional repair of central tympanic membrane perforations in New-Zealand adult rabbits

Introduction

Perforation of tympanic membrane (TM) is the common result of chronic otitis media. This
situation may evolve into chronic infections and hearing loss. Even though TM is able to
regenerate and to repair by itself, the process may become lengthy and it would be desirable to
surgically repair the TM by the use of an implant to seal the perforation. Several methods have
been reported to such effect, including the very early works using pig’s bladder moving forward to
the more recent ones using natural materials such as paper patches or muscle fascia autografts and
synthetic ones such as gelfoam and alloderm[1-5]. In the past 15 years there have been several
studies using chitosan as biomaterial to repair damaged tissues[6-8]. Recently, it has been used in
tympanoplasty[9, 10]. Chitosan membranes (CM) have been prepared by several methods and
techniques to achieve particular characteristics desired in biomedical applications. Choosing a
particular membrane is related to the manufacturing process since many of the physical
characteristics are defined there. An useful technique to obtain CM is the process of phase
separation[11]. Crosslinking has been used to enhance stability and mechanical properties of CM.
Typical crosslinkers reported in the literature are glutaraldehyde (GA), hexamethylene
diisocyanate and epichlorhidrine[12, 13]. The crosslinked CM obtained using such crosslinkers
are usually rigid and not suitable for middle ear surgery. In this work, it is reported for the first
time the crosslinking of CM with different glycol diglycidil ethers (GDE) made of tryethylene
glycol (TEG) or commercially available polyethylene glycols (PEG) of different molecular
weigths and the characterization of the crosslinked CM. They are also presented results for CM
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uncrosslinked and for CM crosslinked with GA for comparison purposes. Finally, it is presented
relevant features of the use of CM as chitosan patches in tympanoplasty of New-Zealand adult
rabbits (NZAR)

Experimental

Polymer synthesis

Chitosan solutions were mixed with functionalized glycols that act as crosslinkers such as GDE
made of TEG or commercially available PEG (Pluracol E400 and Pluracol E4000). The GDE
were synthesized at our lab by a modification of the method reported by Gu[14]. The prepared
chitosan mixtures were poured into rectangular molds and dried under vacuum at 60°C to obtain
membranes. Finally, the CM were neutralized and dried again under vacuum at room temperature.
CM were characterized in terms of porosity, water retention, scanning electron microscopy
(SEM), modulated differential scanning calorimetry (MDSC) and analysis of variance for selected
mechanical properties. Uncrosslinked CM were used as chitosan patches as one option for
timpanoplasty of NZAR. The other options, for comparision purposes were: control group with
no perforation, self healing, repair by muscle fascia graft. Histological studies were performed on
all TM.

Results and Discussion

Porosity obteined for the CM was 60-70%. There were no significant differences among
crosslinked membranes with GDE or uncrosslinked membranes that served as control group.
However, when the poroeity of CM crosslinked with GDE compared with CM crosslinked with
GA there were significant differences in porosity. Water retention of the CM is generally of 130-
190% , being less for the crosslinked CM than for the uncrosslinked CM.

Since chitosan easily absorbs water, for the MDSC tests it was adopted the two scan method to
eliminate effects of water in the sample. The first scan shows an endothermic peak, centered at
110 °C which is attributed to moisture absorbed by the CM and to hydrogen bonding among
chitosan polymeric chains. It is also observed an endothermic peak centered at 325°C being
consistent to degradation reactions. Both peaks disappear during the second scan where it is
observed a weak transition at 37°C that could be Tg of the sample already degraded. This value is
about the same regardless if CM were crosslinked or not. It is interesting to notice that the
crosslinking did not whistand high temperatures during the first scan. When in the modulated
mode, separating the signals in reversible and irreversible heats for the first scan allowed the Tg of
the CM to be detected due to the high molecular weight and crystallinity of chitosan. These
findings are consistent with reported works on CM crosslinked with other agents different from
the ones presented in this study[15-17].

The %elongation at break showed statistically significant differences depending upon the type of
crosslinker used: GA (16%) or GDE (45-50%). However, among the CM crosslinked with the
different GDE, the %elongation at break was proportional to the GDE molecular weight. The
Young’s modulus for the CM crosslinked with GA presented the highest modulus of all CM
(13,000 MPa). It is interesting to notice that there were no statistically significant differences
among the modulus of CM uncrosslinked or crosslinked with GDE (1700-2300 MPa). This is
probably due to the fact that the GDE crosslinkers give flexibility to the network contrary to the
contribution of the GA crosslinker that reduces the range of motions of the polymeric network
chains by increasing their rigidity.
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NZAR were the model for the test trials of TM repair using chitosan patches. Other techniques
such as self healing and fascia graft were used for comparison purposes; the control group was
subjected to surgery to expose the TM without further manipulation. Histological images of TM
repaired are shown in Figure 1 for the control and the three techniques studied: self healing, fascia
graft, chitosan patch. The TM repaired with the chitosan showed an increment in thickness,
number of fibroblasts, density of vascularisation, relative to the rest of the TM repaired.

(a) (b) (©) (d)
Figure 1 Histological images of tympanic membranes repaired at 400X. Tissues are in epoxy resin (Durcurpan) and
stained with Masson trichromics. (a) control, (b) spontaneous healing, (c) fascia repaired (d) chitosan repaired

Conclusions

Crosslinking chitosan with several agents modifies the network structure hence different
crosslinking densities are obtained. This leads to an improvement of important parameters in
tissue engineering related to mechanical properties and water adsorption such as: tensile strength,
elastic modulus and solubility in water. It was found that functionalized polyethylene glycols
allowed tailoring the mechanical properties of the CM by increasing the percentage of elongation
at break as the size of the functionalized polyethylene glycol was incremented. On the other hand,
porosity and water absorption were reduced. These findings agree with the expected behavior for
networks where the crosslinking density is reduced by increasing the molecular weight between
crosslinking points. Biocompatibility studies showed that the functionalized polyethylene glycols
are promising candidates to be used as crosslinkers to obtain biocompatible insoluble chitosan
patches. Trial tests have begun for the soluble chitosan patch to repair perforated TM. For tissue
engineering applications, it was found that CM show adequate capacity for bio-integration into
perforated eardrums in NZAR, and the consequent functional restoration, compared with the
traditional muscle fascia.
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Abstract

Recently new trends on the synthesis of biodegradable copolymers with drug release functions
have been studied. New segmented biocopolymers synthesized from polyethers and polyesters of
low molecular weight has been studied. In this work we report the synthesis of segmented
copolymers obtained by combining poly(e-caprolactone) (PCL) and poly(ethylene glycol) (PEG)
in three stages: (1) synthesis of PCL, (2) synthesis of a prepolymer via end-capping reaction of
PEG with toluene diisocyanate (TDI) and (3) synthesis of PCL-PEG segmented copolymer
obtained by polycondensation reactions between the prepolymer and PCL. The final product
obtained was characterized by Gel Permeation Chromatography (GPC), Fourier Transformed
Infrared (FTIR) spectroscopy and Differential Scanning Calorimetry (DSC).

Keywords: Segmented copolymers, GPC, FTIR, DSC.

Introduction

Segmented copolymers are generally synthesized combining different homopolymers blocks along
the main chain . In this regard, the synthesis of the polyurethanes and ether-ester type copolymers
has developed since last twentieth century **. Many of these polymers have been commercialized
by their excellent mechanical properties. The synthesis of segmented copolymers includes a wide
range of homopolymers as well as biocompatible polymers, which by its biodegradability are
subject of increasing interest in biomedical applications *°. PEG is a poly-ether that can be
biodegraded by oxidative processes °. High rates of biodegradation of PEG can be developed
using isolated bacteria in activated sludge . The use of PEG as a component of segmented
copolymers has been previously documented in the literature 3°. The synthesis of segmented
copolymers containing PEG as one of its components is of current interest for the interesting
physical and chemical properties of these polymers.

Experimental

g-caprolactone monomer (e-CL) with purity of 98%, stannous octanate (SnOct;) used as catalyst,
1,6 hexanediol (HD) used as initiator (I), toluene diisocyanate (TDI) and poly (ethylene glycol)
molar mass of 1000 g/mol were supplied by Aldrich. Chloroform, petroleum ether and
dichloromethane (these solvents with reagent grade) were supplied by Fermont.
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Synthesis of the PCL and derivate copolymers by urethane bondings
The synthesis of PCL was carried out by ring opening polymerization (ROP) technique, as shown

in figure 1.
(0]
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Figure 1. Scheme of the synthesis of PCL homopolymer by ring opening polymerization.

In the first stage were placed 10 mL of monomer in a two-necked reactor of 100 mL immersed in
a glycerol bath. SnOct, and HD were added to the reactor and allowed to react with constant
stirring at a temperature of 110°C. The reaction lasted 3 hours. Subsequently, the product was
removed from the reactor and allowed to stand for 24 hours to induce solidification of the
polymer. The PCL were purified by redissolution in dichloromethane and precipitation with
petroleum ether. Table 1 shows the initial compositions of the formulations prepared.

In the second stage, 1 mmol (1 gram) of PEG dissolved in 10 mL of chloroform was placed in a
two-necked reactor. This reactor was immersed in a bath of water at 4 °C and kept under constant
stirring and nitrogen atmosphere. Then a solution of TDI in chloroform was dropped extending
the reaction by two hours. The molar ratio of isocyanate groups of TDI to hydroxyl groups of
PEG was 2 to 1 to produce a PEG-TDI prepolymer. Immediately afterwards, in the third stage,
the reactor was placed with the product of step 2 in water bath and kept at 60 °C. Then the PCL
previously synthesized in the step 1 was added. For the synthesis of the copolymers used a molar
ratio of hydroxyl groups of PEG to PCL of 1 to 1 and 1 to 2, respectively. The reaction was
carried out again for two hours under a nitrogen atmosphere. The copolymer was purified by
precipitation of the product in dichloromethane/petroleum ether. A scheme for the PCL-PEG
copolymerization reaction is presented in figures 2 and 3. Table 3 shows the molar ratios used for
synthesis the PCL-PEG copolymers.

Table 1. Molar ratio of [E-CL[/[I] and [E-CL]/[SnOct;] used to synthesize the PCL homopolymer.

SAMPLE | INITIATOR | [-CLIIN] | [&-CLY[SnOCt]
PCL1 | 16-Hexanediol | 10071 500/ 1
PCL2 | 1,6-Hexanediol | 20071 500/ 1
PCL3 | 16-Hexanediol | 300/1 500/ 1
PCL4 | 1,6-Hexanediol | 40071 500/ 1

CHs

H3C.

+ HO-(CHp-CH,O)n-H —

TDI

PEG

(@ g

@]

PEG-TDI Prepolymer

Figure 2. Scheme of the synthesis of PEG-TDI.
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Figure 3. Scheme of the synthesis of PEG-PCL copolymers.

Table 2. Molar ratios of PEG/PCL and TDI used to synthesize the segmented block copolymers of PCL-
PEG.

SAMPLE ID Precursor PCL/PEG PEG/TDI
COP1 PCL1 1:1 1:2
COP2 PCL1 2:1 1:2
COP3 PCL2 1:1 1:2
COP4 PCL2 2:1 1:2
COP5 PCL3 1:1 1:2
COP6 PCL3 2:1 1:2
COP7 PCL4 1:1 1:2
COP8 PCL4 2:1 1:2

Results and Discussions

The results of the GPC for PCL synthesized samples shows a trend of increasing molecular
weights when the initiator amount decreases according to the initial formulations employed
during the synthesis of the homopolymers (table 1).Table 3 shows the obtained weights for the
PCL s synthesized by GPC analysis.
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Table 3. Molecular weights and polydispersity index of the PCL"s synthesized.

Mn Mw . .

SAMPLE ID (g/mol) (g/mol) Polydispersity
PCL 1 3505 7700 1.75
PCL 2 6121 10405 1.69
PCL 3 7353 10994 1.49
PCL 4 5969 11057 1.85

Figure 4 shows monomodal chromatograms of the PCL"s synthesized. On the other hand, the
FTIR spectra of all the PCL’s prepared (not shown) depicts the stretching vibration of the
carbonyl group who produces the intense band at 1720 cm™,in the region of 1000-1471 cm™
appears to C-O-C functionality near to 2800 cm™ can be observed a peak produced by stretching
vibration of C-C bond and at 3480 cm™ appears a small band due to vibrations of -OH groups.

16 T T T T ! ! ! 1

Intensity

17 18 19 20 21 22 23 24 25

Retention time

(1)
Figure 4. (1) GPC chromatograms of PCL samples (a) PCL1, (b) PCL2, (c) PCL3 and (d)
PCLA4. (2) DSC thermograms of (A) COP1 copolymer and (B) PCL1.

After carried out the copolymerization reaction of PCL-PEG, the molecular weights were
determined by GPC and FTIR technique was used to confirm the success of the synthesis of
copolymers. The condensed information of GPC analysis is shown in table 4.

Table 4. Molecular weights and polydispersity index of the PCL-PEG copolymers synthesized.

Mw Mn . .
SAMPLE ID (g/mol) (g/mol) Polydispersity
COP1 54014 29511 1.83
COP2 50235 27836 1.80
COP3 71406 45695 1.56
COP4 71687 43995 1.629
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COP5 90133 60275 1.495
COP6 66656 41402 1.609
COP7 91406 58133 1.5723
COP8 92851 58539 1.5861

In a similar manner as observed in the GPC chromatograms of the PCL’s, for the PEG-PCL
copolymers monomodal chromatograms was obtained as shown in figure 5 (1). The molar
weight of PEG-PCL copolymers, determined by GPC, is shown in Table 4. These molecular
weights increase respect to the molecular weights of pure PCL. On the other hand, in figure 5 (2)
can be appreciate a DSC thermogram of the PEG-PCL copolymers synthesized (COP1 (A) and
PCL1 (B)). This themrogram shows that the PEG-PCL copolymers have one glass transition
temperature (T,) at -60° corresponding with the PCL homopolymer. This fact suggests that
various segments of PEG and PCL are coupled in the skeleton of the copolymer. Similar
thermogramas were obntained for all the synthesized samples.

T T T
14 -
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12
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20
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@

Figure 5. (1) GPC chromatograms of PCL-PEG segmented copolymers: (a)PCL1, (b) PCL2, (c)
PCL3 and (d) PCL4;(2) DSC thermograms of: (A) COP2 and (B) PCL2.
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Figure 6. FTIR spectra of: (a) PCL2 and (b) COP2.
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Figure 6 shows the spectra for samples PCL3 and COP8. Similar spectra were collected for the
other samples of PCL and COP. The most intense spectral contribution of the PCL spectrum is
due to the carbonyl group that appears in 1725 cm™, at lower wavenumbers, in 1190 and 1243
cm™ are present a couple bands due to asymmetric and symmetric stretching of C-O-C group.
This group is part of the ester group of PCL. On the other hand, at higher wavenumbers in 2866
and 2945 cm™, a doublet is resolved also due to asymmetric and symmetric vibrations, now of
the methylene groups of PCL. Finally, in the region from 1300 to 1400 cm™ appears a doublet
due to vibrations of the terminal OH groups. The spectrum of the copolymer shows distinct
differences. In the spectrum of this poly ether-ester, characterized by an intense band at 1116
cm-1 due to asymmetric stretching vibration of the ether group, while in 1062 cm™ (weakest) is
resolved symmetrical. At higher wavenumbers, at 2883cm™ is solved by an intense band of the
stretching C-H bond of methylene groups of PEG. In the spectra of PEG-PCL segmented
copolymers is evident that co-existence of bands of PEG and PCL. Since the spectra of PCL-
PEG were obtained from a purified sample, it may not correspond to a simple mixture of
homopolymers.

Conclusions

The PEG-PCL copolymers were successfully synthesized; the FTIR and GPC characterization
confirms that the coupling of PEG and PCL segments has been achieved. The molecular weight f
the PEG-PCL copolymers was higher than the molecular weight of the pure PCL previuosy
synthesized. DSC characterization shows that the PEG-PCL copolymers have a only one glass
transition temperature near to -60°C.
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Abstract

By definition a composite is a mixture of different components, in the case of dental composites are a mixture of an
organic matrix and fillers inorganicos. The introduction of the technology of composite resins (composites) in
restorative dentistry has been one of the most significant contributions to dentistry in the last twenty years. The
advantages of bonded restorations to tooth structure, including conservation of healthy dental tissue, reduced
microleakage, postoperative sensitivity prevecion, reinforcement of tooth structure and transmission / distribution of
masticatory forces through the adhesive interface of thoot. The polymer matrix based on Bisphenol A-Glycidyl
Methacrylate (Bis-GMA), also called Bowen resin has been widely used in recent years as the basis of commercial
dental resins, but is limited in its use as a low-grade conversion, a questionable color stability, high viscosity and low
resistance to abrasion. The different formulations of resins were characterized in terms of its physical and mechanical
properties, assessing stability, fracture toughness, hardness, which allows you to find a formulation that presents the
best properties for use in dental resins.

Introduction

The composite dental restorations have occurred in the dental society since the 1960s, since then,
and after many significant material improvements, the restoration resins still suffer from two key
deficiencies: poor mechanical strength and high shrinkage on polymerization . Therefore the
research approaches in this area have focused on the evaluation and improvement of materials,
combined with the advantages of better esthetic properties. (Sufyan Garoushi, 2011)

The physical, mechanical and esthetic and clinical behavior depend on the structure of the material.
Dental composites are basically composed of three chemically different materials: the organic
matrix or organic phase, the inorganic binder, filler or disperse phase, and an organosilane or agent
of connection between the organic matrix and the filler. The organic matrix of the composite is
composed basically of a monomer mono, di or tri-functional, a system of initiation of free radicals
(camphorquinone), and stabilizers. The monomer system is considered the backbone of the
composite. The Bis-GMA monomer remains the most widely used in the manufacture of current
composites. (Garcia & Lozano, 2006) (Figure 1)

/CHz H,C
HaC CH, CH,
o) CHg ©

Figure 1. Bowen resin (Bis - GMA) - Bis Phenol Glycidyl Methacrylate-(Camps, 2004)
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The most significant changes in the composition of the resins have been made with a lot through
improvements in landfills. In recent studies, the filler particle size and the amount of it, have
proven to be influential factors in determining the physical properties and contraction of the
composite. (Sufyan Garoushi, 2011) The problem of dental composites in the restoration is to
increase their flexural strength and fracture, thereby extending their useful life in the oral cavity,
and also maintain their aesthetic value. (Drummond, 2008)

The degradation potential of the monomer may depend on the chemical stability of the groups
present. In the case of dental resins, resistance to oxidative and hydrolytic processes is very
important, since the possibility of occurring as a result of exposure to salivary fluids is very doable.
Interestingly in commercial practice all monomers of dental restorative resins based on coupling of
monomers through ester bonds, which are very susceptible to hydrolysis. (J. P. Santerre, 2001)
However, studies of longevity and survival in posterior teeth show that the amalgam has a better
record of compounds, which reinforces the need to understand the failure mechanisms of dental
composites to improve their survival. Damage to dental composites may be due to the deterioration
of the matrix and / or cargo, due to the mechanical strength and environmental burdens, loss of
adhesion interfacial microcracks and / or fracture of the filler particles. (Drummond, 2008)

In the mouth, the degradation is a complex process, which includes disintegration and dissolution
of materials in the saliva, and other physical and chemical degradation such as wear and erosion
caused by food, the process of mastication, and bacterial activity. (J. P. Santerre, 2001) (P. J. Koin,
2008)

Most of the materials when subjected to stress and strain for a period of time a fault which is called
"fatigue”, which is often manifested as fracture, loss of capacity or wear and is influenced by
environmental factors . Tension may be static, dynamic or cyclic, and it is hard to imagine how the
oral environment acts on the materials used in restoration, as a result of being subject to fatigue,
show signs of wear or failure. (Baranl, 2001)

The fracture occurs when the concentration of stress within the material reaches a critical level and
is known as fracture toughness. (Drummond, 2008) The fracture mechanics can be used to predict
the speed at which a crack can approach a critical size, plus it can be used to determine the
conditions under which a crack can be rapid spread. (Drummond, 2008)

A continuous application of mechanical and environmental loads eventually leads to the
progressive degradation and crack initiation and growth, resulting in catastrophic failure of dental
restorations, this process is influenced by pre-existing holes in the material preparation, imperfect
interfaces and residual stresses. (Drummond, 2008)

Experimental

Mixtures of composite Stuffed / Bis-GMA (womb) Inorganic fillers chosen were hydroxyapatite
(HA) synthesized in the laboratory and aluminum silicate (Aldrich), while the resin matrix
corresponds to Bisphenol A CAS dimethacrylat Glycerolato 1565-92 -2 Aldrich; polymer dilution
as used methyl methacrylate (MMA) and conforquinona as polymerization initiator. The
concentrations are shown below:
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Table 2. Composition of samples with 40% Filling / 60% Matrix

Sample Identification  Bis - GMA HA Aluminium
% % Silicate
%
1 R40M601 60 20 20
2 R40M602 60 25 15
3 R40M603 60 30 10
Table 3. Composition of samples with 45% Filling / 55% Matrix
Muestra Identificacion  Bis — GMA HA Silicato de
% % Aluminio
%
4 R45M551 55 25 20
5 R45M552 55 30 15
6 R45M553 55 35 10
Table 4. Composition of samples with 50% Filling / 50% Matrix
Muestra Identificacion  Bis — GMA HA Silicato de
% % Aluminio
%
7 R50M501 50 25 25
8 R50M502 50 30 20
9 R50M503 50 35 15

Films were prepared additional unfilled

Table 5. Composition of matrix samples with 100% / 0% Fill

Muestra Identificacion  Bis — GMA HA Silicato de
% % Aluminio
%
10 ROM100 100 0 0

With mixtures of the composites were made films that were irradiated for 40 s with a lamp
Optilight LD Max (curing light and clareador) No. 4415586008 LD Max 110/240V, 50/60Hz. The
samples were characterized by FTIR on a Perkin Elmer Spectrum GX FTIR technique by ATR.
Hardness was measured with a Type D Durometer Model 307L Series PTC Instruments 12252
ASTM D2240

Results and Discussion

The samples were characterized by FTIR (Figures 2, 3, 4, 5). And as you can see in these figures,
the band near 3425 cm-1 increases its intensity with increasing concentration of HA, which is a
sign of the existence of hydrogen bond type interactions between the filler and the matrix. As if we
observe the band of 1715 cm-1 corresponding to the ester groups, which are the type of bonds
formed during polymerization of the resin, with intensive, which indicates that the degree of

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011



190
MACROMEX 2011

polymerization is not affected by increasing the amount of the resin matrix, which is a big problem
in dental resins, as the degree of monomer conversion is not good, and so they have a low
retention of the resin in the teeth. And Figure 5 shows the appearance and increase in intensity of
the band of 1027 cm-1 characteristic for HA

Figura 2. IR spectra of samples Figura 3. IR spectra of samples

R40M601, R40M602 y R40M603 R45M551, R45M552 y R45M553

Figura 4. IR spectra of samples Figura 5 IR spectra of samples

R50M501, R50M502 y R50M503 ROM100, R40M601, R45M551, R50M501

With respect to the analysis of hardness, as shown in Figure 7 and Table 6 gives better results for
the sample R40M602, which corresponds to a concentration of 25% HA and in general, as
reported in the literature, properties of the resin Bis GMA increases with the addition of inorganic
fillers, however, contrary to what was reported, by increasing the amount of fillers, the film
becomes more fragile, as shown in Figure 6 corresponding to the photographs of the samples, the
film with the greatest burden was not possible to obtain fillers, is a mixture of powdery
appearance.

Table 6. Results of hardness (Shores) of the sample

Muestra 1l | Muestra 2 | Muestra 3
R40M60 |74 82 80
R45M55 |72 73 78
R50M50 |74 70 48
ROM100 66
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Figure 6. Photographs of samples of the films formed
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Figure 7. Plot of hardness

Conclusions

The hardness of the Bis-GMA resin is increased by adding inorganic fillers, reaching a peak of
incorporation of 40% and decreases with increasing filler concentration. The degree of conversion
is observed by increasing the intensity of the band of the ester groups is not significant to the
concentration of the matrix.
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Abstract

This paper presents the plasma synthesis and physicochemical characterization of a polycaprolactone, PPCL, thin
film, used as substrate for the culture of smooth muscle cells, hepatocytes, HepG2, and glial cells. Glass substrates
were coated by plasma polymerization with Polycaprolactone at 50 and 100W of power with a synthesis time of 60
minutes. To synthesize the PPCL, the caprolactone monomer was heated at 60°C to vaporize and introduced the
vapor in the reaction chamber at a 3x10™“Torr pressure, RF 13.56 MHz and 70°C temperature. PPCL films were
deposited on glass substrates and were characterized by contact angle, ATR-FTIR, and SEM.

Smooth muscle cells were cultivated on PPCL coated substrates. Primary culture of smooth muscle cells was
used to grow starting with of 12.000 cells/cm2 on two substrates of each group (group | 50W, group Il 100W) and
on a commercial cell culture Petri dish as control. Muscle cells grown in monolayer with febrile characteristics after
48 hours. For each sample, cell counting was performed with a Neubauer chamber and followed a protocol of MTT
to quantify cell viability. The cellular culture in vitro of hepatocytes, HepG2, and glioma cells were also performed.
The results indicate that thin films of PPCL are conducive to culture cells of the three types, they are anchored,
reproduce and remain functional.

Introduction

The e-Polycaprolactone (PCL) is a resorbable and semi-crystalline polyester and is biodegraded
by hydrolysis. The degradation products are metabolized and secreted by the human body, so
that the PCL is a material widely used in medical applications. Because of relatively long
degradation time, has been used for implants in vivo, such as reasorbable sutures, tissue
engineering, as a means for controlled release of drugs and bone graft substitute [1]. There are
different methods to polymerize the PCL, chemical, electrochemical, electrospinning, and
plasma polymerization. The plasma polymerization is a process that allows that a monomer is
deposited as a thin film on any substrate. The plasma polymerization is the formation of
polymeric materials under the influence of a partially ionized gas (plasma). The polymer is
formed by introducing into a vacuum reaction chamber, the reactants in a gaseous state and
ionized by the influence of an electromagnetic field generated by the difference in potential
between two metalic electrodes. These ionized particles, interacting with the surface of a
material, coated changing their surface properties or by depositing a thin film [2].

The objective of this work is exploring the possibility of coating substrates with plasma-
synthesized PCL, so as to produce a surface that is useful for applications in tissue engineering.
For this, cultured smooth muscle cells on a Petri dish as a control, the material normally used for
cell cultures and two different samples of PCL synthesized by plasma. The cytotoxicity of the
PCL thin films has studied, and the cell proliferation where the cells maintain their natural
morphology.
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Experimental

Primary culture of cells smooth muscle.

For this work, primary culture of smooth muscle cells obtained from a biopsy of muscle tissue of
the vagina is used, made in 2008 by Dra. Atlantida Raya at the Hospital Infantil de México
"Federico GOmez". The vaginal tissue removed was cut with a scalpel to obtain pieces of about 1
mm2 and placed in a Petri dish with 10 ml of culture medium modified DMEM (Dubelcco's
Modified Eagle Medium, Gibco) for a disgregation by enzyme by adding Collagen Type Il with
a concentration of 200 1U/ml and incubate for 24 hours at 37 ° C. The cells obtained were seeded
in culture dishes with 10 mL of DMEM culture medium, previously supplemented with 10%
fetal bovine serum, 100 1U / ml penicillin, 100 pg/ml streptomycin and 100 U / ml of antifungal
(all reagents GIBCO), to enrich their nutrients and avoid any contamination in the crop. Cells
were maintained at 37 ° C in an incubator with an atmosphere of 5% CO2, to observe the
confluence of cells forming a monolayer, indicating the time of subculturing cell proliferation as
a technique to obtain a greater number of cells.

Synthesis of PCL thin film

For the PCL plasma polymerization on glass substrates a glass tubular reactor of 9cm external
diameter and a length of 25cm was used, see Fig. 1. The reactor is connected to a radio source
Dressler, CESAR 1500 RF at 13.5MHz, and a vacuum system. To carry out the polymerization
reaction of caprolactone monomer was heated to 60 ° C to vaporize and driver the monomer
vapor to the reaction chamber at a pressure of 2.5x10-1 Torr. Were prepared 2 different types of
substrate to power of 50 and 100 W, both with a synthesis time of 60 minutes.

Culture cell on glass substrates cover with PCL

Batch of frozen cells is took from the cryotube and thawed by shaking at 37 ° C, this operation
takes less than 1 min. After the contents were placed in a Petri dish and culture medium was
added at 37 ° C at a leisurely pace to complete 10 mL, samples were incubated at 37 ° C and 5%
CO2. After 24 hr, there was change of culture medium to remove DMSO, which is cytotoxic at
room temperature. Cells were maintained in culture until confluence to have the desired number
of cells for the experimentation.

Cell count was performed using the Trypan blue reagent and plated 12.000 cells/cm2 in each of
the experimental samples. We used a control (Petri dish), 2 PCL substrate samples obtained PCL
plasma at 50W and 100W.

Proliferation and cytotoxicity assay

After 48 hr of culture, cells were trypsinized to perform a cell count and quantify cell
concentration present on each test substrate. In the case of PCL substrates, spent each to a sterile
Petri dish and 4 mL of trypsin applied after first washing the cells and remove the culture
medium present, then repeated the maneuver to incubate cells for 5 min at 37 ° C and allow the
take of a sample and suspended. After this time, trypsin was removed and cells resuspended in
fresh culture medium, dividing each cell solution in 2 containers. To quantify the cell count and
proliferation, was diluted with 20 uL of each cell solution was diluted with 20 uL of Trypan
Blue, and then do a count of living cells by light microscopy using a Neubauer chamber. To
study the cytotoxicity of each substrate, we performed MTT assay is a colorimetric assay to
measure mitochondrial activity as cells metabolize MTT reagent, which is purple color. For this,
1 mL of each cell solution was taken and centrifuged for 10 min at 2000 rpm to discard the
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supernatant. Cells were resuspended in 1 mL of culture medium (without serum to avoid
interference in the experiment) and added 200 uL of MTT reagent and then incubated for 4 hr at
37 ° C. Isopropanol was then added to solubilize the formazan crystals and measuring the
absorbance of the samples in duplicate by placing 30 uL of each sample into the well of the
ELISA plates, using an ELISA plate reader Geniuses at a wavelength of 595nm.

s
X
29237 \2859
4000 3500 3000 2500 2000 1500 1000
cm?
Fig. 1 Experimental setup. Fig. 2 Espectrum of FTIR-ATR of PCL
Fig. 3 PCL SEM.

Results and Discussion

FTIR-ATR Analysis

Figure 2 shows the infrared spectrum in mode attenuated total reflectance of the PCL, the
spectrum shows broad bands and complex characteristics of the polymers synthesized by plasma
technique. The vibration corresponding to the OH groups is observed at 3350cm™. The vibration
in 2923cm™ corresponds to the asymmetric vibration of methyl aliphatic -CH,, while the
symmetrical vibration of the same group appears in 2859 cm™. 1741cm™ appears in a strong and
sharp band due to stretching vibrations of carbonyl group C = O. The band centred in 1190 cm™
is result from the stretching vibration of CO-O bond, at 730cm™ a small band attributed to
bending vibrations of the groups - (-CH2), with n> 4.

As the PCL is semicrystalline polymer in the solid state, the infrared spectrum shows the
contributions of both the crystalline and amorphous phase. Stretching vibrations of the carbonyl
group associated with the crystalline phase can be observed in 1741 cm™. The vibrations of the
carbonyl group associated with the amorphous phase can be seen in 1736cm™. Also the band at
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1284cm™ is associated to the crystalline phase of PCL.

Analysis SEM

The scanning electron microscopy of PCL deposited by plasma polymerization is show in Fig 3.
3 (a) it was taken at a magnification of 250X and shows a smooth polymer film with pieces
scattered over. By taking an approach (3b, 10000x) a rough surface like a carpet surface is
shown, this type of rough surface can allow that different types of cells are anchored to this
surface.

Table 1. Calculating the value of absorbance at 595 nm of formazan metabolized by 60,000 cells from each sample.

Absorbance calculate
Absorbance at - . R
mitochondrial activiti

Sample  Cell/mL

595 nm, of 60,000 cells *
Control 230,000 1.3394 0.28035
100W A 85,000 0.7241 0.44205
100WB 60,000 0.8818 0.81275
50W A 110,000 0.7802 0.35645
50WB 70,000 0.9876 0.77735

Culture Cell

Fig 4 shows photographs of cell cultures on each type of test substrate. It can be see how after 48
hours of culture, all the substrates have numerous cells that present their characteristic
morphology with spindle-shaped cells. When performing the cell count, the control has a cell
concentration of 23,000 cells/fcm2 in PCL synthesized to 100W have 22.666 cells/cm2 in the
control and have 29.333 cells/cm2 in PCL of 50W, therefore, there is cell proliferation between
33 and 144% of the substrates with PCL and 92% for the control, without having a clear
significant difference between them. In the cytotoxicity test, is calculated the absorbance is
calculated for the case of measuring mitochondrial metabolism of MTT to formazan in 60,000
cells from each experimental sample (see Table 1).

Fig 4. Photographs of muscle cell culture: a) Petri dish, B) PCL substrate synthesized by plasma
50W (right side, left side Petri dish), C) PCL substrate synthesized by plasma 100W (right side,
left Petri dish). Obtained using optical microscope with 10x magnification.

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011



196
MACROMEX 2011

Cellular culture of hepatocytes and neuroblastoma-cells

Fig 5 shows the cell growth of hepatocytes (a) and rat neuroblastoma cells (b). As can be seen in
the two substrates coated with PCL the cells grow, proliferate and develop. (a) shows the classic
growth of HEp-G2, has a polygonal morphology and spread almost all over the substrate to form
a monolayer. In (b) it can be seen that the cells are developing axons and even touch each other
through the axons, they have the characteristic morphology of these cells and also tend to form a
monolayer.

Fig. 5 In (a) is shows the hepatocyte cell culture, Hep-G2, In (b) is show the cultivation of mouse
neuroblastoma cells N1E115.

Conclusions

Plasma modification with PCL shows a good cell culture surface, this was probed with tree
different kind of cells showing excellent behavior as compared with culture petri dishes, plasma
modification may be apply to Tissue Engineering scaffolds and take advantage of the cell
adhesion.
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Polyvinyl alcohol-agar films are flexible, transparent and biodegradable materials based on
synthetic and biopolymer sources, these films prepared by solution cast method can be used in food
packaging, drug delivery and other applications [1]. The addition of glycerol (GLY) as a plasticizer,
can modify several functional and physico-chemical properties of these films, such as increasing
flexibility and extensibility, moisture sensitivity, etc. [2,3].

Biodegradable films of poly(vinyl alcohol) (PVOH) and agar blends have been prepared by solution
casting method using glycerol (GLY) as plasticizer. Both neat PVOH and agar films are transparent.
However, their blends and GLY addition produced a slight opacity in films due to phase separation.
As the amount of agar is increased in the film, it leads to a decrease of the tensile strength and
reduces the elongation at break. At 75% wt of agar a significant improvement on the mechanical
properties is observed. The films produced were also characterized by FTIR spectroscopy, thermal
analysis (differential scanning calorimetry DSC and thermogravimetric analysis TGA), x-ray
diffraction (XRD) and scanning electron microscopy. As GLY is incorporated into the PVOH-agar
network resulted in a reduction of intermolecular interactions and proximity of PVOH and agar
chains, and the increase of mobility of polymer chains.

In conclusion, PVOH-agar films have been improved by the addition of GLY. It widened the
applications of this system in food packaging as expected.
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Cardiac infarction is one of the leading causes of death in the México and the US [1, 2]. Many of
the problems derived from this are due to wall thinning, cardiomyocytes loss and lack of
contractility. Our approach is to seed Cardiac Progenitor Cells (CPCs) into a scaffold so they can
differentiate in vitro before implantation. This cardiac patch would serve as an in situ reinforcement
and promote vascular integration and cell repopulation. The objectives of this work were to
synthesize poly(urethane-urea) (PUUs) polymers from PCL2000, HMDI and BDA with different
hard segment (HS) contents [3], characterize them, prove biocompatibility by seeding them with
Sca-1+/CD45- (CPCs), and, obtain scaffolds by a solvent casting/porogen leaching technique
combined with centrifugation to enhance pore connectivity.

The work presented includes the analysis of the materials by FTIR and NMR to corroborate the
synthesis results, DSC and DMA studies to determine the thermal properties of the polyurethane
ureas and the influence of the hard segment content in them. The next step was to expose these
materials to the CPCs to determine biocompatibility. Bright field microscopy and CyQuant studies
were used to determine the morphology and proliferation of cells respectively. The last part will
present the fabrication of scaffolds made from this PUUs and the SEM imaging to observe the pore
sizes and characteristics.
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PLASMA SURFACE MODIFICATION OF BARIUM SULFATE POWDER
USED IN BONE CEMENT FORMULATIONS
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Abstract

Plasma technology is widely used to alter the surface properties of materials without affecting their bulk properties.
The treated materials have found various applications in automobiles, microelectronics, biomedical and chemical
industries. Specific surface properties like hydrophobicity, chemical structures, roughness, conductivity, etc. can be
modified to meet the specific requirements of these applications. Development of new biomaterials typically takes a
long time due to extensive tests and lengthy approval procedures. Plasma surface modification offers an exciting
alternative by modifying selectively the surface while preserving the mechanical and biological properties of
conventional biomaterials to suit particular needs.

A very important element in the bone cement formulations is the radiopaque agent used, which is essential for the
bone cement to be radiologically detectable; however, the addition of this inorganic compound within the PMMA
matrix produces that the mechanical strength of cement decreases due to the incompatibility between them. In this
work, barium sulfate powder was modified by plasma polymerization using methyl methacrylate monomer (MMA).
The surface modification of barium sufate was performed as follow: powder was first treated with atmospheric plasma
for 15 minutes at 15 W before the vapor of MMA monomer was introduced into the reactor chamber at the same
plasma power level for 5 hours. The modified particles were characterized by water contact angle, Fourier Transform
Infrared Spectroscopy (FT-IR), thermogravimetric analysis (TGA) and Scanning Electron Microscopy (SEM). It was
observed that the water contact angle of the modified barium sulfate particles become slight hydrophobic (21°+ 4)
compared to the unmodified particles which were totally hydrophilic. FTIR analysis of modified particles revealed the

presence of a carbonyl band at 1724 cm™. Both results confirm the deposition of PMMA onto barium sufate surface.
TGA analysis shows a 0.6 % of mass weight loss, which can be associated to the degradation of deposited PMMA.
Finally, bone cements were prepared and characterized; it was observed that the tensile strength of cements increases
from 26 MPa for cements prepared with unmodified particles to 32 MPa for those formulations prepared with
modified particles.

Introduction

Radiopacity is a desirable property in bone cement formulations used in surgery as it allows
postoperative assessment of the fate of the implant using X-radiography. The bone cement itself is
not radiopaque, as it is mainly composed of elements such as carbon, hydrogen and oxygen, which
have a low electronic density; therefore, this property is achieved by incorporating the inorganic
materials like barium sulfate or zirconium oxide [1-2]. However, it is well know that these agents
do not mix well with the polymeric matrix due to thermodynamic reasons, leading to a decrease in
mechanical properties of cements [1,3-5].

Several authors have suggested that a promising alternative for achieving radiopacity in bone
cements formulations consists in the chemical modification of polymers by introducing bromine
or iodine to methacrylate monomers. The polymerization or copolymerization of such monomers
would produce X-ray opaque materials without the disadvantages of two-phase systems. Thus,
various monomers containing iodine or bismuth [6-9] have been synthesized and copolymerized
giving rise to radiopaque materials to be tested for application in the medical field; however, these
materials have not been still approved by FDA.
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On the other hand, plasma technology is widely used to alter the surface properties of materials
without affecting their bulk properties. This technique also offers an exciting alternative by
modifying selectively the surface while preserving the mechanical and biological properties of
conventional biomaterials to suit particular needs.

With this in mind, the aim of this work was modify barium sulfate powder (approved by FDA for
use in bone cement formulation) by plasma polymerization using methyl methacrylate monomer
(MMA) in order to enhance the compatibility between the polymeric and inorganic phases of the
bone cement formulations and therefore, the mechanical properties of these materials.

Experimental

Plasma Surface Treatment

Barium sulfate was purchased from Aldrich Chemical Co. (reagent plus 99%) and it was used as
received. The surface modification of barium sulfate was performed as follow: powder was first
treated with air plasma for 15 minutes at 15 W, 13.59 MHz RF and 2.5x10™ Torr, before the vapor
of MMA monomer was introduced into the reactor chamber at the same plasma power level for 5
hours.

Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra of the barium sulfate samples were obtained by Diffuse Reflectance technique
(DRIFT) at room temperature using a Nicolet Magna Spectrometer with a resolution of 4 cm™
averaging 100 scans in the 4000400 cm ' wavenumber range.

Thermogravimetric Analysis
Thermogravimetric data were collected from 50 to 600°C at 10°C/min under dry nitrogen
atmosphere by using a Perkin EImer TGA-7; sample masses ca. 10 mg were used.

Water Contact Angle

The effect of plasma treatment on the surface properties of barium sulfate samples was evaluated
through water contact angle measurements using the sessile drop technique. A distilled water
droplet was deposited onto BaSO, pellets in a Tantec Cam-Plus-Micro system.

Scanning Electron Microscopy

Morphology was observed by SEM using a Jeol 6360 LV. Samples were gold coated and observed
using an accelerating voltage of 20 kV. EDX was also empoyed in order to determine the chemical
composition of barium sulfate surface.

Preparation of bone cements

The experimental bone cements were formulated by adding the liquid component to the solid
(powder) component at room temperature (25°C). The powder component consisted of Nictone
(PMMA) beads, benzoyl peroxide (BPO) and barium sulfate (non-treated and plasma treated)
while the liquid component consisted of MMA and dimethyl-p-toluidine. BPO and BaSO, were
added to the solid phase at 1 and 10 % w/w, respectively. A weight ratio of powder to liquid of 2
was kept in all cases and the cements were prepared by hand mixing without vacuum.

Characterization of bone cements
Compression tests of acrylic bone cements were conducted according to the ASTM F451 while
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the tensile tests were carried out according to the ASTM-D638. The compression tests were
performed on cylindrical specimens (6mm diameter, 12mm height) at a cross-head speed of 20
mm/min whereas tensile tests were conducted on specimens type 1V at a cross-head speed of 5
mm/min.; the maximum strength and elastic modulus for both tests were recorded.

Results and Discussion
Figure 1 shows the FTIR spectra of the barium sulfate particles. As noted, the spectrum of non-

treated particles showed absorption bands at 3414 and 1631 cm™ which are associated to
stretching and bending vibrations of adsorbed water molecules. Bands at 1200 and 1108 cm™ are
related to symmetrical vibration of SO,% and the peak at 622 cm™ is due to the out-of plane
bending vibration of the SO4* [10-11]. It was also observed that the spectrum of barium sulfate
treated with PMMA plasma was very similar to that non-treated one, although subtle differences
were observed as the appearance of the carbonyl band at 1724 cm™ (see Figure 1b), which is
typical of stretching vibration of ester group of PMMA. The presence of last band confirms the
surface modification of barium sulfate particles. The peaks appeared at around 2000 cm™ are
overtones and combination bands of the sulphur-oxygen stretching and bending vibrations; these
peaks do not affect the identification of the substance involved in the experiment [10,12].

100

80

40

Kubelka Munk units
3
1
Kubelka Munk units

—— Non-treated
—— Plasma Treated

1200 i —— Non-treated
1108 ; —— Plasma Treated

0 1 1 1 0
4000 3000 2000 1000 2000 1000

Wave number (cm’) Wave number (cm’™)

20

Figure 1. FTIR spectra of barium sulfate particles.

Table 1 shows the chemical composition of barium sulfate particles obtained from EDX analysis.
As expected, particles are composed mainly of barium, sulfur and oxygen; although those
particles treated with PMMA plasma also exhibited carbon. Variations of chemical composition
are due to that analysis was performed on particles surface.

Table 1. Chemical composition of barium sulfate particles.

Element Non-treated Plasma Treated
(Yow) (Yow)

Ba 82.50 47.74

S 13.24 11.54

0] 4.26 33.36

C - 7.35
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Figure 2 shows the water contact angle formed onto surface of barium sulfate pellets. It can be
seen that particles treated with PMMA plasma exhibited a higher water contact angles (21°) than
non-treated; this indicates that particle surface became more hydrophobic like PMMA.

(a) (b)

Figure 2. Water contact angle for barium sulfate particles (a) non-treated and (b) plasma-treated.

On the other hand, Figure 3 shows that particles treated with PMMA plasma exhibited a slightly
higher mass loss (ca. 0.6 wt%) than observed for non-treated particles, which can be assigned to
the degradation of PMMA deposited onto surface of particles.
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Figure 3. TGA of barium sulfate particles.

Results of the mechanical properties of cements prepared either non-treated and plasma treated
barium sulfate are shown in Table 2. As observed, cements prepared with plasma-treated barium
sulfate particles exhibited higher strengths and moduli than that prepared with non-treated
particles. This indicates that surface modification carried out onto barium sulfate particles
increase the adhesion between radiopaque agent and polymeric matrix.

Table 2. Mechanical properties of cements prepared with barium sulfate particles.

Sample Tensile test Compressive Test
Strength (MPa) Modulus (GPa) Strength (MPa) Modulus (GPa)
Non-treated 41.33+1.40 2.67 £0.02 97.75+1.78 1.71 £0.06
Plasma Treated 45.83+0.73 2.76 £0.01 103.64 + 0.65 1.97+ 0.03
Conclusions
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Barium sulfate powder was modified by plasma polymerization using methyl methacrylate
monomer (MMA). Surface modification of radiopaque agent was corroborated by FTIR, SEM-
EDX, TGA and water contact angle. Plasma modification leds to cements with enhanced
mechanical properties.
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Polymeric coatings in human metallic implants are applied to avoid direct contact of metallic
surfaces with tissues and to stimulate cell growth on the implant. Polypyrrole (PPy) is studied in this
function because of its biocompatibility. In this work, self-expanding models of Stents made of
stainless steel and nitinol (Ni-Ti) were coated by plasma with PPy to study their permanence on the
surface in contact with phosphate buffered saline solutions (PBS) of pH similar to blood. The
concentration of PBS was NaCl: 24 mmol/L, Na2HPO4: 10 mmol/L and KH2PO4: 3 mmol/L. The
immersion time of coated samples was studied up to 336 hrs. Optical microscopy showed high
resistance of coatings to solutions in the first hours and swelling of polymers after that with small
segments of separation between polymer and metal. The contact angle of PPy on flat surfaces and
PBS solutions (30°-60°) is also discussed.
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This work presents a comparison of structural, morphological and electrical properties in plasma
polypyrroles (PPy) using monomers sensitized with gamma irradiation in doses of 18 and 40 KGy.
Depending on the dose, gamma irradiation produces chemical bond breakage and is applied in this
work to create free radicals in monomers before the polymerization to increase networking during
the polymerization.

After gamma irradiation, the monomers were polymerized by low-pressure, rf, resistive, electrical
glow discharges. The polymers were obtained as thin films adhered on the reactor's walls. The
results indicated that gamma irradiation reduces multiple bonds in PPy due to the formation of new
bonds in the structure. Another result is that polymers obtained with gamma sensitized monomers
(yPPy) do not easily accept iodine doping as PPy does. The surface of non-irradiated PPy is rough
formed by compacted layers. However in yPPy roughness increases showing a bigger number and
size of pores. On the other hand, polypyrroles irradiated after the synthesis (PPyy) present lifting of
layers. This effect does not appear in yPPy.
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This work presents a study about the conductivity of plasma polypyrrole (PPy) in contact with
solutions of salt concentration similar to human tissues. PPy is a conjugated biocompatible polymer
in which the electronic distribution produces partial relocation forming radical cations on segments
of polymer in contact with different compounds. PPy particles with different sizes are being studied
as implants in central nervous system to restore lost neuronal communication after severe injuries. If
the connections between nerve cells do not work appropriately the consequences may be, among
others, total or partial immobilization of the body. Particle size, hydrophilicity and conductivity of
polymers are essential in the reconnection. The study discusses particles of different sizes in the
range of neuronal nuclei and solutions with different concentrations of salts, particularly with
sodium and potassium ions which are mainly used in the ionic transfer in neuronal membranes.
Plasma PPy was synthesized as films using low-pressure, rf, resistive, electrical glow discharges.
The films were mechanically ground up to obtain microparticles. The electrical conductivity was
studied in this condition with the addition of human-like ionic solutions.
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A study about the structure of copolymers based in random combinations of etylenglycol, pyrrole
and iodine synthesized by plasma is presented in this work. These oxygenated-nitrogenated
hydrophilic copolymers capable of transfering electrical charges can be used as implants in the
central nervous system. The copolymers were synthesized with resistive rf glow discharges in a
1500 cm® tubular glass reactor at 10 mbar and 40-100 W. The polymerizations occurred in gas-
phase, in which the monomers combined within the reactor to produce random copolymers.

The structure of copolymers has C=C, C=N, C=0, C=N, C-0 and C-I functional groups. Multiple
bonds, not belonging to the initial reagents, were generated by the dehydrogenation of monomers
and intermediate compounds during the polymerization; these bonds have been found in many
plasma polymers. Alternated bonds of different electronic density facilitate the movement of
electrical charges in polymers. The electronic conductivity was measured as a function of
temperature between 15 and 100°C and it was in the interval from 10 to 10* S/m. The activation
energy was calculated with the Arrhenius model, obtaining values from 0.36 to 1.1 eV. It is
discussed the main atomic chemical states in the copolymers.
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Furan, pyrrole and thiophene are the most common heterocycles of 5 members. The last two
monomers have been used in polymer research dedicated to biological and photoactive applications,
respectively, pyrrole for its nitrogenated and thiophene for its sulfured compounds. However, the
oxygenated heterocycle, furan, has escaped these tendencies. This work presents a study about the
synthesis of polyfuran by plasma with the purpose of studying its structural, electric and
morphological properties. The syntheses were carried out with low-pressure, resistive, electrical
glow discharges exploring the possibility of obtaining polyfuran (PFu) in powder and film. The
results indicated that the polymers have structure with functional groups as C-O and C=C from the
monomer and C=0 and O-H from the recombination of radicals and dehydrogenation during the
polymerization. The powder contains spherical particles with average diameter between 70 and 850
nm. The polymers have contact angles as a function of the energy applied to the synthesis obtaining
hydrophilic films with angles from 43° to 90° and hydrophobic films from 90° to 108°.
Conductivity of the materials was calculated in the 10°-10° S/m interval with activation energy
from 2.87 to 2.86 eV, which locates this polymer in the insulating organic polymers.
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Abstract

This work presents the fabrication of porous matrices of polylactic acid (PLA) and hydroxyapatite (HA) coated whit
polymer of pyrrole synthetized by plasma. The composite was made first by electrospinning nanometric and
micrometric fibers of PLA-HA from solutions at different concentrations and conditions of the spinner. The resulting
porous materials are coated by plasma polymerization of pyrrole (PPy) due to its good results in cell adherence,
composites were characterized by optical microscopy and SEM.

Introduction

Usually a graft or bone substitute is required to help repair a skeletal deficiency due to some
trauma or some sort of disease like osteosarcoma [1,2]. Tissue Engineering is an alternative to
generate synthetic bone preservation in providing patient progress, functional recovery and
mobilization. The biomaterials that can be wused as bone substitutes should possess
biocompatibility which is intimately linked to their surface properties, these polymeric materials
can be found combined with ceramic materials that are better in replacing bone tissue [3].
Polylactic acid is a polymer, which has biodegradability and biocompatibility. Hydroxyapatite
(HA) is a ceramic, which is the largest inorganic part of bone, and is biocompatible and resilliant.
[4].

Electrospinning technique is used to manufacture of porous matrices, it consist in the application
of a voltage ranging from 10KV up to 30KV to create a strong electric field seeking to attract
electrically charged particles of a polymer solution from a nozzle into an area where it solidifies
(collector) to form microfibers and nanofibers [5]. In this paper we use the plasma polymerization
technique to synthesize films of Polymer of pyrrole (PPy) and modify the surface properties of
PLA-HA matrices [6]. Using PPy is an advantage in the proliferation of bone-forming cells
(osteoblasts) due to its electrical conductivity and cell stimulation [7]. The samples were
characterized by optical microscopy and scanning electron microscopy (SEM).

To test the PLA and HA matrices coated with PPy, it is suggested that in vitro culture be used, for
which a bone biopsy is performed, a culture of bone cells (osteocytes, osteoblasts and osteoclasts)
is produced, sequential seeding of these cells and arrays for the newly formed tissue are made,
which is to evaluate the microstructure and pre-feasibility studies. [8].

Experimental

Preparation of the solution
Briefly, you have 10 ml of solvent, 90% chloroform (9 ml) and 10% ethanol (1 ml). After PLA
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and HA was added in different amounts for each array as shown in the table 1. This solution was
allowed to dissolve for 5 hours at room temperature until it is homogeneous.

Table 1. Deposition conditions

Sample Solids Volume
Concentration Injected Voltage
PLA(9) HA(g) (g/ml) (ml) %HA (KV)

M1 1.2 0 0.12 40 0 30
M2 1.2 0.3 0.15 10 25 30
M3 1.8 0.3 0.21 10 16 30
M4 1.2 0.3 0.15 20 25 30
M5 1.2 0.1 0.13 20 8.3 30
M6 1.8 0.1 0.19 30 5.5 30
M7 1.8 0.3 0.21 40 16 30
M8 1.8 0.2 0.20 80 11 30

Film preparation

The electrospinning system is presented schematically in Figure 1. It consists of an injection
mechanism in which the polymer solution is deposited PLA and HA. This solution travels from
the positive electrode (the needle) to the collection electrode which is a rotating drum 7 cm long
and 5 cm in diameter that is earthed; the distance between electrodes is 10 cm. When the solution
is solidified fibers form a matrix with nano and micrometric varying lengths. The voltage applied
to this type of solution is of 25KV to 30KV. It is noteworthy that the diameter of the needle is
chosen depending on the amount of HA in the solution.

Figure 1. Schematic illustration of Electrospinning System

The matrices obtained are removed from the manifold, placed in a petri dish and kept until the
time of analysis, as shown in Figure 2:

Figure 2. Schematic illustration of synthesis of a matrix of PLA-HA
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Plasma polymerization

In this paper we use the plasma polymerization technique to synthesize polypyrrole films and thus
modify the surface of the PLA and HA matrices in order to facilitate the adhesion of bone cells
and that the polypyrrole is a stimulator of cell growth and has good electrical conductivity. The
plasma polymerization reactor consists of a glass tube (Pyrex), length 25 cm, 9 c¢cm in outer
diameter and wall thickness of 0.7 cm. At each end of the tube is placed a stainless steel lid with
two outputs. The covers have a hole in the middle to insert a stainless steel electrode, which
consists of a circular rod and a flat circular plate of 6 cm. During polymerization, the separation
between the electrodes was approximately 10 cm. [9].

Pyrrole was used (Sigma-Aldrich). Arrays of PLA-HA, were placed in the center of the reactor.
Before starting the polymerization, the reactor was purged for ten minutes to remove impurities.
Then pyrrole was introduced to cover these matrices. The conditions at the beginning of the
polymerization were: 1.2x10-1 Torr, 14 W and 13.5 MHz.

Results and Discussion

Samples analyzed by light microscopy at 200 magnification, are shown in Figure 3; they are taken
as representative samples, M3, M6 and M8 which present Hydroxyapatite aggregates. M1 is
different in containing only PLA. It also shows that with the greater the amount of solution
injected, the morphology of the matrix is effectively closed, by forming fibers of different
diameters.

Figure 3. Optical microscopy of arrays with different concentrations of HA

Analysis was also performed by SEM, we used the scanning electron microscope field emission
JEOL JSM 7600F. Arrays were analyzed at different magnifications as shown in Figure 4 and
again M1 without HA has a homogeneous morphology, unlike the M3 for example, which shows
"rough™ morphologies due to aggregates HA.
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Figure 4. Schematic illustration of SEM of M1 and M3

Figure 5 shows these peculiar morphologies due to the presence of HA in the matrix’s
composition; either with less solution injected like M5 or those that are more like M8 with 80ml of
solution injected. Furthermore, the matrices are not necessarily better if they have more
hidroxyapatite but more fibers, then you can combine PLA-HA concentrations as M2 or M3 and
inject as much solution as you need to obtain a matrix rich of HA and fibers. The diameters of the
fibers in the matrices have sizes between 800 nm and approximately 10um, and they have pores
large enough to allow movement of osteoblasts in these matrices.

Figure 5. Schematic illustration of SEM of M5 and M8
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Conclusions

It was confirmed that the technique of electrospinning produces porous matrices and gave good
results by injecting solution of PLA-HA, matrices were obtained with pore size of micrometers to
be acceptable for the proliferation of osteoblasts. We were able to combine the properties of
polylactic acid with the hydroxyapatite, obtaining resistant but not brittle matrices. What remains
is the biocompatibility test for which it is suggested that these matrices are used for growing bone
cells in vitro seeking adhesion and cell proliferation, If successful, we would be talking about a
good base to produce a biomaterial that offers an alternative for bone tissue repair.
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In recent years there has been increased interest in biodegradable particularly biodegradable
polymers. Green chemistry seeks to reduce environmental damage caused by chemicals and
processes[1]. In chemical industry, green polymers should be produced at a low cost. The
biotechnological production of L-aspartic acid has been recently carried out on an industrial scale
and economically feasible [2,3]. Thermal polycondensation of aspartic acid occurs readily
poly(aspartic acid) so that great potential to solve environmental problems [4,5].

In this work a novel method in the biodegradable polymer obtaining is described: the reactive
extrusion of amino acids. In a first stage, it was focused in the formation of the polysuccinimide
(poly(aspatic acid) precursor), using a single-srew extruder. The temperature profile and the time of
residence were stablished . The polysuccinimide samples thus obtained were analyzed by FTIR and
DSC.
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Abstract

This paper seeks to incorporate ascorbic acid, AA, within a polymer scaffold composed of nano and micro fibers of
polyvinyl alcohol, PVVA. Scaffolds of PVA and PVA/AA were made through the electrospinning technique, 1g of
PVA was dissolved in 10ml of distilled water, PVA-0.1 g/ml, and in 10ml of distilled water was dissolved 1g of PVA
and 3.3g of AA. SEM and optical microscopy were use to studied the samples. PVA shows a network structure
composed of fibers of different diameters with a pore size of about 10um while for the PVA/AA, SEM shows the
formation of a film on the fibers, possibly due to the presence of AA. Samples of PVA/AA were immersed in distilled
water to study the rate of release of ascorbic acid.

Introduction

The need to employ drug transport systems with high specificity and activity at the site of
application, without toxic effects through the use of polymeric materials as drugs carriers to
regulate and dispense specific applications [1]. Polyvinyl alcohol (PVA) takes the role of
polymeric support as it is hydrophilic, nontoxic, biocompatible, with good mechanical properties
and very stable for long periods in different conditions of temperature and pH [2], and the dosing
agent is ascorbic acid which has an accelerating effect on the healing process, prevent allergies,
acts as a coenzyme in the synthesis of collagen and intercellular cementing substance in the blood
capillaries, participates in the formation of connective tissue.

Electrospinning uses a high voltage to produce an electrostatic field, which attracts electrically
polarized domains of a polymeric solution, from a cone nozzle into a collection area where it
solidifies as micro and nanofibres, which makes fiber arrangements, that are agglomerated in
three-dimensional structures that can be applied to cell culture. Listed here are some important
points to consider in the process of electrospinning:

o The selected solvent must be able to completely dissolve the polymer

e The temperature of the solution and the equipment must be adequate so that evaporation is fast
enough to maintain the integrity of the fibers when they reach the collector.

The aim of the present work is the plasma treatment of electrospun fibers of PVA with AA to
obtain a biomaterial that can be used as scaffold in tissue engineering, the fibers will be obtained a
different temperatures and will be tested in cell culture with HEP-G2 hepatic cells.

Experimental

Polymer solutions

Solutions were prepared of two types of PVA (Aldrich Chemical) The first with 99% degree of
hydrolysis and molecular weight in the range of 146.000 to 186.000, high Mw, the second with a
degree of hydrolysis of 80% and molecular weight in the interval between 7000 and 9000, low
MW. From the first 10 ml of solution were made at a concentration of 0.12 (g / ml) of PVA in
distilled water. The solution was prepared at 80 ° C with constant agitation for 90 minutes, then

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011



216
MACROMEX 2011

allowed to cool to 37 ° C. From the second 10 ml of a solution at a concentration of 0.1 (g / ml) in
distilled water were also prepared. The solution was prepared at 80 ° C with constant stirring for
30 minutes, then allowed to cool to 35 ° C. The solution temperature was kept constant during the
electrospinning process using a resistive heating element in the form of tape and an
autotransformer at 25V. Other solution of the second at the same concentration was also prepared,
but 0.33 (g / ml) of ascorbic acid was added.

Electrospinning variables and the temperatures used in the samples are presented in Table 1.

Table 1
Electrospinning | needle | Voltage | Distance | Injection
Concentration Polymer Temperature | caliber | (kV) to Flux
(g/ml) (°C) collector | (ml/h)
(cm)
0.12 PVA 99%
High MW | Room (~ 27°) 25G* | 18-20 15
0.1 PVA 88%
Low MW
0.1PVA-0.33 AA | PVA 88%
Low MW
Controlled 35° | 23G* | 35-37 20 15
0.1 PVA-0.33 AA | PVA 88%
with PPy Low MW
*needle: 25G =D intern 0.25mm  23G= D intern 0.33mm.

The equipment used for characterization were:

* Optical microscopy: The analysis was performed with a Leica Microscope, Model: DMLP, 100X
and 500X with magnifications.

» Scanning Electron Microscopy (SEM) was performed using a JEOL JSM-7600F model

* Inverted microscopy was performed using a microscope Iroscope model 201FL MG on the fibers,
exploring the surface and representative images taken using a Panasonic model WV-cp244.

Cell Growth procedure:

1. The materials were placed in culture dishes of 35 mm.

2. 2 ml (5x10° cells/ml) of HepG2 cells were added with growth medium.
3. The cell medium was changed every other day for 15 days.

4. The cells were cultured at a temperature of 37 ° C with 5% CO2 and saturated humidity.

5. Cell proliferation was evaluated on the coverslips on days 2, 4, 8, 11 and 15 of culture, with an
inverted microscope.

Results and Discussion

Scaffolds PVA at 0.12 g/ml

The morphology of the scaffold was very fragile and brittle as shown in Figure 1 (a), having no
control of the temperature of the solution; the injection is difficult when it began to cool. The SEM
image (Fig. 1b) shows that the fibers are joined together because the fiber does not get dry in to
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the collector this means that the sample is fragile, the porosity is maintained but the sample is hard
to handle.

(@) (b)
Fig 1 .- a) Optical microscopy (50X), PVA membrane 0.12 (g / ml) b) SEM image of PVA
Membrane 0.12 with a 100X magnification.

Scaffolds PVA 0.1 g/ ml

By changing both the concentration and polymer molecular weight, the solubility in water
increased, taking 30 minutes to dissolve as compared to 90 minutes of the solution at 0.12 g/ml,
also improving the electrospinning process with a lower viscosity helping the injection of the
solution. The morphology improved significantly, it was not fragile and brittle, the mechanical
properties of the scaffold were better, is more porous (Fig. 2) and the fibers do not agglomerate.

(a) (b)
Fig. 2. a) Optical microscopy (500X), PVA membrane at 0.1 g / ml. b) SEM image of PVA Membrane at 0.1 g/ ml
with a magnification of 500 X.

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011



218
MACROMEX 2011

Scaffolds PVA 0.1 g/ml Ascorbic acid 0.33 g/ml

From the membrane obtained, 0.5 cm? were cut and immersed in water, in less than a minute it
was dissolved completely, the pH measured in the water end out to be 4, so that the membrane is
not a good drug dispenser, since all the drug is abruptly released, with this it is necessary to
modify the membrane surface by plasma polymerization of pyrrole.

The surface of the sample PVA-AA was modified by plasma polymerization, used as protective
coating or insulating layer, and contributes to the anchor of the cells, which improves the strength
characteristics. From the membrane obtained after the plasma treatment, 0.5 cm® were cut and
immersed in water and this time it did not dissolve, but the pH was measured immediately and it
was 4.

(a) (b)
Fig. 3. a) Optical microscopy (100X), PVA membrane 0.1 PVA-0.33 AA. b) SEM image of PVA membrane at 0.1
PVA-0.33 AA. with a magnification of 500 X.

After 1 day the sample was immersed in water, pH was measured, than removed, allowed to dry
and the next day did the same, this was done until pH was constant. The following graph and
table shows that on day 1, the pH was 4 and with the daily immersions this increase to be
constant at 7.
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Cell Culture

Figure 4 shows the sample at different days of the cell culture. It can be seen that the cells
proliferated and anchored, to the surrounding area and pore morphology of the material, taking
the shape of control culture; they start with spheroidal shape and as they were adhering to the
surface of the material, they began to change to a elongated polyhedral shape and closely linked
to each other. It is noteworthy that the culture media does not dissolve the material for a period
of 15 days, and it does not undergo in changes in their shape and size so it can presumably be
used in this type of media an its behavior is better as compared with the experimental part is
immersed in distilled water.

Fig.4 Cell culture on 0.1PVA-0.33 AA g/ml subjected to plasma coating PPy
a) 2 days of culture, b) 8 days of culture, c) 10 days d) 15 days of culture

Conclusions

The results can be considered as positive, the membranes showed good structure and morphology,
pore sizes are adequate to help cell proliferation not only in 2D but in 3D. Drug release, has good
interaction and behavior at the cellular level, so that the materials developed have potential to be
used as scaffolds in Tissue Engineering.
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Abstract

Cartilage lesions caused by degenerative joint defects or traumatic injuries is a health problem,
due to poor regenerative capacity of cartilage. Then, damaged cartilage is difficult to repair,
causing pain, functional disorder and disability with little recovery opportunities even with
treatment. Although this is an open subject, there have been some advances by means of tissue
engineering, and particularly with the development of new scaffolds for cellular growing, in order
to satisfy nowadays needs.

This work continues the research started between Universidad Auténoma Metropolitana and the
Hospital Infantil de Mexico "Federico Gémez", where they have try out biodegradable sponges
covered with pyrrole and finding out promising results. In this work, each scaffold was generated
by electrospinning of synthetic polymers such polylactic acid (PLA), polycaprolactone (PCL) and
the combination of both. Many shapes were obtained adjusting the degradation time, and were
coated by plasma polymerization (pyrrole/iodine) for the growth of cartilage cells. The scaffolds
were evaluated by optical microscopy, scanning electron microscopy (SEM), X-ray spectroscopy
energy dispersive (SEM-EDS), in addition to evaluating its composition, size, pore distribution
and fiber diameter. Finally, the viability and proliferation of chondrocytes, both in vitro and in
vivo, were also studied with encouraging results.

Introduction

Tissue engineering is an emerging discipline, which aims to assist and accelerate the regeneration
and tissue repair. Providing to cells a local environment that allows their proliferation and
differentiation. Surgical techniques are currently used to treat cartilage injuries, where none has
been successful in the long term. Recent advances in the development of biomaterials and cell
therapy have been offered the chance to explore new strategies, both natural and synthetic
materials. Allowing the generation of biomimetic scaffolds constructed from a synthetic scaffold
(biodegradable polymer, porous and tube-shaped).[1]

The human body is composed of four tissues: connective, epithelial, muscular and nervous. An
example of connective tissue is the cartilage, which is composed of chondrocytes isolated in small
areas of the extracellular matrix composed of fibers. Nourished by diffusion and surrounded by a
layer of dense collagenous called perichondrium. Classified in three types of cartilage (hyaline,
elastic, fibrous) depending on the body region where is located. [2]

The implementation of a technique called electrospinning allows the deposited of fibers made
from (PLA/PCL) forming an interconnecting network shaped as a porous material. This technique
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has allowed the design of scaffolds with characteristics of layer by layer, allowing more control on
the fibers that are deposited. So by varying the composition of PLA/PCL modifies the porosity
and pore geometry alter their mechanical properties such as equilibrium and dynamic stiffness.[3]
So, modifying the pore size, pore density, biocompatibility, specificity of form, the integration of
native tissue and degradation depending on the rate of formation of neo-cartilage. [4] Can obtain a
useful model for the development of scaffolds, concluding that the pore architecture affects the
amount and composition of cartilage tissue. [5]

Experimental

We developed a porous polymer scaffold composed of biodegradable and biocompatible (PLA
and PCL) polymers by means of electrospinning, coated with a thin film of pyrrole with iodine
using plasma polymerization, studying the effects of degradation and biocompatibility in vitro
with elastic cartilage cells of rabbit.

a) Samples preparation: two solutions were prepared at 12 wt% using as solvent a mixture 2:1
of chloroform and ethanol respectively, the first one of PLA and another of PCL, to obtain fibers
under the following procedure:

1. Both polymers were dissolved separately in vials, for 12 hrs.

2. Both solutions were placed in 20 ml syringes. On electrospinning nozzle team, using
different gauge needles. Because of the viscosity of each of the solutions and the
molecular weight of each of the polymers.

b) Fibers Preparation: Both solutions were placed on the injector to apply pressure on the
plunger of the syringe in order to generate a steady flow, collecting the fibers on a grounded
conductive surface at a distance of 15 cm. Between the needle and the collector an electric field
is generated of about 30 to 35 kV. The solvent evaporates during the flight and fibers with a
diameter between 700 nm and 3 microns are obtained. Generating a scaffold with a 70:30 ratio of
PLA and PCL.

c) Post-spinning treatment: Prior to the plasma polymerization, the polymer network was
placed in a vacuum furnace for 7 days at 42 ° C, in order to avoid the presence of solvent on the
sample, taking into account the glass transition point of the materials (Tg).

d) Coating of fiber by plasma: The three-dimensional scaffold generated by polymer fibers is
collocated into of a plasma reactor. Making a coating of pyrrole doped with iodine, modifying
the surface properties of the fibers. The polypyrrole was synthesized for 1 hr. at intervals of 6
min of pyrrole and 4 min. of iodine.

e) Characterization of the fiber: The material was characterized by evaluating the morphology
of the fibers and the pore size by optical microscopy and Scanning Electron Microscopy (SEM).
Making an evaluation of average pore size of each of the scaffolds generated from PLA, PCL
and the combination of both (PLA/PCL).

1) Material Porosity: For the evaluation of the porosity in the SEM images, the intensity
thresholds were established by segmenting the image of interest: porosity of the material and the
fibers were established. The porosity in black (256) and the fibers is the background in white (0),
detecting the edges of the pores by changing the threshold from 0 to 256 or vice versa. Defining
the shape and size of the pores.

e) Obtaining chondrocyte cells and chondrocyte culture: To obtain the elastic auricular
cartilage cells and chondrocytes culture:

1. A biopsy of the elastic auricular cartilage was made using a male rabbit of two months.
Under aseptic conditions an incision was made on the right ear of the rabbit in the dorsal
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zone and separating the skin of the cartilage.

2. Ina laminar flow hood under sterile conditions, a small piece of cartilage is mechanically
disintegrated and placed in a disruptive solution and then allowed to settle and decant the
tissue in a collagenase solution, again stirring continuously. Centrifuged and decanting to
obtain the cell button and re-suspended it in culture medium supplemented with
antibiotic-antifungal to achieve their proliferation.

f) Cellular tests:

1. Invitro: The cell expansion was initiated on the membranes, growing at a temperature of
37° C with 5% CO; and saturated humidity. Changing the cell medium every third day
for 30 days. Evaluating on the membranes the cell proliferation the day 3, 7, 10 and 30 of
culture, with SEM and viability tests (MTT).

2. In vivo: cells were re suspended and cultured under the same conditions on the
membranes, changing the cell medium every other day for seven days. At day 7
implantation was performed in the dorsal region of the rabbit and 30 days after the
explant. Evaluated with SEM and MTT tests, the cell proliferation in the membranes.

Figure 1. Scalffods (a) PLA, (b)PCL and (c) combined material PLA/PCL.

Results and Discussion

Once optimized the electrospinning technique to generate scaffolds of PLA, PCL and combined.
The electrospinning conditions were: concentrations12%, preheated chamber at 30 ° C,
chloroform/ethanol and drum rotary picker/displacement. 3 different scaffolds were obtained with
different fibers characteristics. Figure 1 shows the PLA fibers having variable diameter, ranging
between 2.5 and 15 um. In the case of PCL the observed fibers have a smaller diameter, with a
uniform distribution, forming a material with pores with larger area compared to the PLA.
Combining the two polymers to produce a material with fibers combined with porosity similar to
those of PLA but with smaller pores. As the smaller-diameter PCL was degraded first giving
different biodegradation times in the combined material.

With regard to the number of pores, an average pore of 18 um? was reported in the combined
material, compared to the PLA where the average is 26 um’ and the PCL with average of 120 pm?.
Resulting in a decrease in pore size which favors the quantity and composition of cartilage.
Post-treatment was performed on the membranes to remove the remaining solvent , the analysis
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was made by X-ray with energy dispersive spectroscopy (SEM-EDS), where we pretreated the
samples and reported a 0.11% chlorine (CI) content, which can be toxic to cells. After of the
treatment the chlorine was removed of the different scaffolds .

Fig.2 In Vitro culture cells.

Fig. 3 In Vivo implant on the rabbit

In vitro testing was performed on membranes from an elastic auricular cartilage biopsy which was
obtained by initiating the primary culture cell expansion with 4x10° cells, cultured for 3 weeks in
order to have a number of confluent cells for testing. For in-vitro testing the cells were
resuspended and cultured on the membranes to evaluate their viability (MTT) and cellular
distribution by SEM in a total of 30 days. Assessing the days 3, 7, 10 and 30 after sowing,
reporting a 73.33% increase in the viability of the membranes at 30 days of planting and pointing
up in SEM the presence of some circular-looking cells at 7 days, obtaining cell confluence at 30
days (figure 2).

We performed a rabbit implant in-vivo tests, cells were cultured on membranes for 7 days and
implanted in the dorsal region of the rabbit. 5 samples were placed approximately 1 cm?, which
were covered with a mesh of vycril before implanting. Making membrane explants after 30 days
assessing their viability (MTT) and cellular distribution (SEM) reported a value of 1.0285
compared to in-vitro testing at 30 days was 0.783 (figure 3).

Conclusions

A polymer-solvent system was designed that allow obtaining scaffolding through electrospinning
of PLA, PCL and the combination of the two polymers. Several evaluated factors favor the
formation of fibers by electrospinning, with the best conditions: the temperature increase inside
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the chamber at 30 ° C, the concentration of 12% of the polymer, the combination of solvent
ethanol/chloroform, and the rotation drum collector. All these factors favor the formation of
scaffolds useful in tissue engineering.

We analyzed the characteristics of porous materials in SEM reporting that the combination of both
materials gives a uniform porosity, which is suitable for Tissue Engineering. We analyzed the
characteristics of porous materials in SEM reporting that the combination of both materials gives a
fiber material with uniform porosity, which is suitable for Tissue Engineering.

The post-spinning treatment removed the solvent remaining in the scaffolds. Materials were
modified by surface-polymerized in a plasma reactor, coating with a thin film of pyrrole/iodine. In
order to promote cell proliferation on scaffolds. Noting that the combination of both materials.

It was decided to test cellular scaffolds (PLA/PCL) from a primary culture to assess cell viability
and proliferation of materials. So in-vitro MTT results reported a good performance on the
viability of the scaffolds, indicating that the plasma treatment promotes an environment for cell
proliferation.

In vivo tests were performed the same animal, reporting feasibility of scaffolding and cell
confluence. Early biodegradation was not observed in implanted material, in comparison with
previous studies in poly-glycolic acid (PGA) in vivo tests.
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Abstract

A series of random copolymers of NVCL with N-vinyl pyrrolidone (NVP), methacrylic acid (MAA), hexyl acrylate
(HA), 2-methacryloyloxybenzoic acid (2MBA) and 2,2'-(diethyl)aminoethyl methacrylate (DEAEM) were
synthesized via RAFT. The obtained copolymer composition suggests that the polymerization was random, so it is
expected that the co-monomeric units are distributed randomly along the PNVCL chain. It was found that the type of
co-monomer and its concentration in the copolymer influences the LCST behavior of PNVCL: In the case of
DEAEM, NVP, MAA and 2MBA copolymers the LCST was higher and in the case of HA (hydrophobic polymer)
was lower than for PNVCL. Furthermore the copolymers show pH-sensitivity in aqueous solution.

Introduction

Water soluble polymers are attractive because they are able to respond to environmental changes,
such as pH and temperature. In the case of temperature response, there is a phase separation upon
heating, and the system exhibits a lower critical solution temperature (LCST). Poly(N-
vinylcaprolactam) (PNVCL) is a thermo-sensitive polymer that has recently attracted a great
interest mainly because is stable against hydrolysis, non-toxic, and biocompatible.[1] These
properties make it an interesting candidate for biomedical applications.[2,3] Although PNVCL has
gain recently much more attention,[5-7] its impact in scientific publications as compared to the
most studied temperature sensitive polymer: poly(N-isopropylacrylamide) is still low. This may
result from the fact that de N-vinylcaprolactam (NVCL) polymerization is more difficult to
achieve and it’s less controlled that that of N-isopropylacrylamide (NIPAAmM).

Previously, we described the controlled radical polymerization of NVCL via reversible addition-
fragmentation chain transfer (RAFT) polymerization employing 4-cyano-4-
(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic acid as chain transfer agent. It was found that it is
possible to obtain the target polymer with acceptable molecular weight and polydispersity.[4] In
order to obtain the different types of random copolymers, it is important to use a RAFT agent that
can be widely used for different families of monomers, therefore we choose the trithiocarbonate
CTA4, a RAFT agent with medium chain transfer ability.

Finally the preparation of NVCL copolymers is a desiderable goal in temperature sensitive
material science since comonomers usually makes possible to tailor the LCST response of PNVCL
as recently shown by conventional free radical copolymerization.[8]

Experimental

Polymer synthesis

For random copolymerizations with NVCL, 1,4-dioxane as solvent, 2,2'-azobis(cyanopentanol)
(ACP) as azo initiator and the trithiocarbonate CTA;, were used. N-vinylpyrrolidone (NVP), hexyl
acrylate (HA), methacrylic acid (MAA), 2-(methacryloyloxy)benzoic acid (2MBA) and 2,2'-
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(diethylamino)ethyl methacrylate (DEAEM) were used as co-monomers, maintaining the NVCL
content in the recipe always higher than 70%. The reaction conditions, purification and
characterization were the same. As an example an experiment of copolymerization with NVP is
described below. A mixture of NVCL (1.27 g, 9.1 mmol), NVP (0.048g, 0.48 mmol), CTA1l
(0.016 g, 0.042 mmol), ACP (0.004 g, 0.017 mmol) and 1,4-dioxane (4 mL) was transferred to an
ampoule containing a magnetic stir bar. The oxygen was removed using three cycles of freeze-
vacuum-thaw, and the ampoule was sealed with flame under argon atmosphere. The ampoule was
immersed in an oil bath at 90°C with magnetic stirring. After 24 h, the polymerization was
stopped by cooling to room temperature. The solvent was removed in vacuum. The purification
was carried out by dissolution in the minimum amount of methanol followed by precipitation from
diethyl ether and decanting in the case of copolymerization with DEAEM the precipitation was
carried out with petroleum ether. This procedure was repeated three times to remove residual
monomer followed by drying under vacuum. The polymerization yield was obtained
gravimetrically.

Measurements

The molecular weight and molecular weight distribution were determined by gel permeation
chromatography (GPC). The measurements were performed in a solution of dimethylformamide
with lithium bromide 20 mM at 40 °C. The dn/dc = 0.0701 value was measured for PNVCL in
DMF using a differential refractometer. The phase behavior (LCST) was determined by
turbidimetry on a DR/890 portable colorimeter and confirmed by dynamic light scattering (DLS)
on a Zetasizer NanoSZ. 1w% (Co)polymer solutions in buffers of different pH-values were
prepared by stirring in ultrasonic bath followed by stirring and filtrated before measurement using
0.45 microns nylon filters.

Results and Discussion

The goal of this investigation was to prepare random copolymers of NVCL with various
comonomers in a straightforward fashion and controlling its incorporation. For this goal, it was
important to use a RAFT agent that can be widely used for different families of monomers,
therefore we choose trithiocarbonates, CTA’s with medium chain transfer ability. The
comonomers and CTA used in this study are despicted in Figure 1. NVCL was random
copolymerized with hydrophobic (HA), hydrophilic (NVP), basic (DEAEM) and acid co-
monomers (MAA and 2MBA) to see the effect in the LCST of PNVCL. All copolymers were
prepared seeking a mayority content of NVCL. In the case of NVP and DEAEM, they were
random copolymerized changing the co-monomer content to 5, 10 and 15mol%. On the other hand
HA, MAA and 2MBA were random copolymerized with NVCL using a comonomer content of
5mol%. The theoretical molecular weight was calculated using the ideal RAFT polymerization
equation assuming full incorporation of monomers onto polymer.

The results of the random copolymerization are shown in Table 1.

Second US-Mexico Meeting “Advanced Polymer Science” and XXIV SPM National Congress
Riviera Maya, Q. Roo, México. December 2011



227
MACROMEX 2011

N AN © :§:
o 0
N 5 | ]
m HOOC

N-Vinylcaprolactam N-Vinylpyfrolidone 2-Methacryloyloxybenzoic acid Methacrylic acid
(NVCL) (NVP) (ZMBA) (MAA)
Hydrophilic monomers Acid monomers

}:o
(0]
S CN
H3C(H,Cy11 )k X/\/OH

S S

4\ CTA,
2-(Diethylamin0|%ethyl methacrylate Hexyl acrylate

DEAEM HA)
Basic monomer Hydrofobic monomer

Figure 1. Structures of co-monomers and CTA used in random copolymerization with NVCL.

Table 1. Random copolymerization of NvCL.?

co-mon .
yield M, (target) M, c
Sample Copolymer corggos. (%) (g/mol)P® (g/mol)° M./M,
PNVCL - 43.1 13,800 18,400 1.28
1 poly(NVCLCcONVPsg,) 3.1 453 32,100 27,600 1.19
2 poly(NVCLCONVP ;) 9.2 47.9 31,400 25,400 1.14
3 poly(NVCLCONVP;5y) 15.2 47.7 31,000 20,800 1.22
4 poly(NVCLcoDEAEMsy,) 19.2 16.4 32,500 20,600 1.26
5 poly(NVCLCcoDEAEM ) 22.1 17.7 33,100 33,100 1.41
6 poly(NVCLCcoDEAEMs) 27.0 28.8 33,600 27,600 1.53
7 poly(NVCLCcoOMAAsy,) 2.5 19.4 31,000 51,300 1.17
8 poly(NVCLco2MBAsy,) 4.6 13.9 32,800 14,500 1.20
9 poly(NVCLcoHAsy,) 5.0 46.0 32,600 25,000 1.48

aPolymerization at 2.4 monomer concentration in 1,4-dioxane at 90 °C in 24 h.
PThe target molecular weight was calculated at 100% conversion.
By GPC in DMF+LiBr 0.02 M at 40°C.

As it can be seen at Table 1, the obtained copolymer composition suggests that the polymerization
was random, so we expect that the co-monomeric units are distributed randomly along the PNVCL
chain. The co-monomer compositions obtained in the random copolymers with DEAEM was
higher than the target compositions. It can be also seen when NVCL is copolymerized randomly
with the basic (DEAEM) and acids co-monomers (MAA, 2MBA) the yield decrease (compared
with PNVCL) while when it is copolymerized with hydrophobic (HA) and hydrophilic (NVP) the
yield remains unchanged.

In Table 2 the LCST determined for the random copolymers at physiological pH (7.4) is shown.
As can be seen, in all cases the incorporation of a co-monomer modifies dramatically the LCST of
PNVCL.
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Table 2. LCST of random copolymers at physiological pH (7.4).

pH7.4
Sample Polymer C)

PNVCL 32
1 poly(NVCLCONVP; 14,) 36
2 poly(NVCLCONVPg 54) 36
3 pOly(NVCLCONVPlgz%) 38
4 poly(NVCLcoDEAEM g 54) 42
5 poly(NVCLcoDEAEMy, 14,) 58
6 poly(NVCLcoDEAEM y7) 36
7 poly(NVCLcoMAA,; sx) 38
8 poly(NVCLCo2MBA, gx) 44
9 poly(NVCLcoHAs) 27

In the case of the hydrophilic NVP (with a similar structure that NVCL) the LCST increased as a
function of NVP content. In the case of DEAEM, samples 4, 5 and 6, the LCST is always higher
than PNV CL; however there is not a clear trend with comonomer content. PDEAEM has a pKa
close to 7.0, so at pH 7.4 less than 50% of the units are ionized and the diethyl-radicals are
hydrophobic. A study at different pH values is needed to shed more light into this behavior. In
the case of the copolymers containing acid comonomers, samples 7 and 8, we can see that acid
co-monomers increased the LCST since the pH (7.4) is above the pKa of those acids. As
expected, the hydrophobic comonomer HA results in a drop of LCST value. Finally we can see
with the results that the change of LCST in the copolymer also depends of the co-monomer
content.

Conclusions

It was possible to obtained random copolymers of PNVCL via RAFT with acceptable molecular
weight and polydispersity.

The type of comonomer and its concentration in the copolymer influence the LCST behavior of
PNVCL. It is possible to increase the LCST (with NVP or acid comonomers at pH 7.4) or to
decrease its value with hydrophobic comonomers (HA).
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Reconstruction of cartilage of the pinna continues to be a challenge in reconstructive surgery. In
Mexico, 1 of 1500 children suffers microtia [1]. Biomaterials based on chitosan (CTS) and Poly
vinyl alcohol (PVA) show great potential for the creation of synthetic cartilage [2]. The study goals
were: to engineer a biosynthetic construct using CTS-PVA blends seeded with auricular cartilage; to
study the feasibility of culture and proliferation of cells from auricular cartilage (AC) in 3D, and to
compare the citology and immunocitochemical composition of engineered constructs. Pediatric
auricular cartilage was collected. CTS and PVA were crosslinked with epichlorohydrin (ECH) and
seeded with isolated cells from AC; the construct was cultured. Cells had normal auricular
morphological features and adhered to the polymer CTS-PVA-ECH. Constructs were positive to
cartilage proteins. These results demonstrate the feasibility of tissue-engineered cartilage as a

potential graft material for the treatment of microtia.
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