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Invited Talks – Session: Spectroscopy

I01

Intramolecular and Intermolecular Interactions in Solid Polymers
as Revealed by Solid-State NMR
Toshikazu Miyoshi
Department of Polymer Science, The University of Akron, Akron OH, 44325-3909, United States.
miyoshi@uakron.edu

Structural analysis of solid polymers at the molecular scale always faces one simple question:
How can we distinguish intramolecular interaction from intermolecular one? This
fundamental question arises in most polymer researches such as chain packing,1 folding
structures,2-4 and deformation5 in semicrystalline polymers, chemical reactions in solid phase.
In this talk, we present our idea to solve this interesting problem using solid-state NMR. One
example related to chain-folding analysis is depicted in Figure 1. Different types of chainfolding strucutres generate different nuclear spin topology. Simulated double quantum (DQ)
NMR buildup curves can identfy different chain trajectories. This tecnique will be used to
understand chain-folding strucutre and crystallization mechanisms. Moreover, chemical
reactions of an industrially important polymer, poly(acrylonitrile)6 which is precursor for
carbin fiber will be presented.

Figure 1: Tracing chain trajectory via nuclear spin counting.
References
1.

2.
3.

4.

5.
6.

Zhou, W.; Wang, K.; Wang, S.; Yuan, S.; Chen, W.; Konishi, T.; Miyoshi, T. “Stochiometry and Packing
Strucutre of Poly(Lacidc Acid) Stereocomplex As Revelaed by Solid-State NMR and 13C Isotope
Labeling, ACS Macro Lett., 7, 667-671, 2018.
Wang, S.; Yuan, S.; Chen. W.; He, Q.; Hong, Y.-L.; Miyoshi, T. “Structural Unit of Polymer
Crystallization in Dilute Solution” Macromolecules, 51, 8729−873 2018.
Lotz, B.; Miyoshi, T.; Cheng, S. Z. D. “Polymer Crystals and Crystallization: Our Personal Journeys in
this Challenging and Rediscovering Research Field” 50th Feature Perspective (Invited Article, Cover
Art), Macromolecules, 50, 5995-6025, 2017
Hong, Y.-l.*; Chen, W.; Yuan, S.; Kang J.; Miyoshi T. “Chain Trajectory of Semicrystalline Polymers
As Revealed by Solid-State NMR Spectroscopy (Invited Article: Viewpoint, ACS Editors Choice)” ACS
Macro Lett., 5, 355–358, 2016.
Kang, J.; Yuan, S.; Hong, Y-l.; Cheng, W.; Kamimura, A.; Otshubo, A. Miyoshi, T. “Unfolding of
Isotactic Poly(propylene) under Uniaxial Stretching” ACS Macro Lett. 5, 65–68, 2016.
Liu, X.; Makita, Y.; Hong, Y.-l.; Nishiyama, Y.; Miyoshi, T. “Chemical Reactions and Their Kinetics of
Atactic-Poly(acrylonitrile) As Studied by Solid-State NMR”. Macromolecules,50, 244–253, 2017.
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A New Strategy of Using MAIRS for Thin Film Analysis
Ryoi Fujiwara, Kazutaka Tomita, Nobutaka Shioya, Takafumi Shimoaka and
Takeshi Hasegawa
ICR, Kyoto University, htakeshi@scl.kyoto-u.ac.jp

Introduction: Quantitative analysis of chemical reaction in a thin film is a challenging topic for
spectroscopy. In a chemical reaction, molecular orientation change is induced, which makes the
absorption spectra difficult for quantity analysis of each compound in the film. Multiple-Angle
Incidence Resolution Spectrometry (MAIRS)1-5 is a unique spectroscopic technique to reveal both
surface-parallel (in-plane; IP) and -perpendicular (out-of-plane; OP) components of a transition
moment simultaneously from an identical thin-film sample, which correspond to the conventional
transmission and reflection-absorption (RA) spectrometries, respectively. MAIRS has a unique
characteristic that the IP and OP spectra have a ‘common’ ordinate scale. Therefore, quantitative
molecular orientation analysis is quite easily done for each normal mode. This analysis is performed
via the absorbance ‘ratio’ of IP to OP ( AIP AOP ), through which the influence of the surface
roughness of the film on the IP and OP spectra are nearly cancelled. 6 This yields a big benefit that
MAIRS is robust to the surface roughness for the orientation analysis.
In the present study, the character of the common-scaled two complimentary spectra in terms
of the surface selection rule has first been used for obtaining an ‘orientation-free’ spectrum by using
Aiso = ( 2 AIP + AOP ) 3 . Since the spectra are free from the orientation, molecular quantity is purely

figured out, which enables us to perform quantitative analysis using multivariate analysis.
Summary: Pentacene is a representative p-type organic semiconductor7 working in a thin film. Since
pentacene is insoluble in most of the organic solvents, a precursor compound that is soluble in
chloroform is used for a wet-process of film preparation. The film of the precursor is heated to have
the pentacene film, but the reaction process has never been revealed. In the present study, the reaction
process has readily been pursued by using infrared MAIRS coupled with the classical-least squares
regression analysis. As a result, quantities of both source material and product have apparently
revealed.
References
1. T. Hasegawa, J. Phys. Chem. B 2002, 106, 4112.
2. T. Hasegawa, Anal. Chem. 2007, 79, 4385.
3. T. Hasegawa, Appl. Spectrosc. Rev. 2008, 43, 181.
4. N. Shioya, T. Shimoaka, R. Murdey, T. Hasegawa, Appl. Spectrosc. 2016, 71, 1242.
5. T. Hasegawa, Quantitative Infrared Spectroscopy for Understanding of a Condensed Matter,
Springer, Tokyo (2017).
6. R. Ishige, K. Tanaka, S. Ando, Macromol. Chem. Phys. 2018, 219, 1700370.
7. N. Shioya, R. Murdey, K. Nakao, H. Yoshida, T. Koganezawa, K. Eda, T. Shimoaka, T.
Hasegawa, Sci. Rep. 2019, 9, 579.
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NMR analysis of stereostructure in radically prepared
poly(N,N-disubstituted acrylamide)s
Tomohiro Hirano
Department of Applied Chemistry, Tokushima University
hirano@tokushima-u.ac.jp

Stereospecific radical polymerization is a challenging topic in polymer synthesis and has
attracted much attention. In particular in the last two decades, stereoregulation of radical
polymerization has been reported for a wide range of monomers. It has been revealed that
stereospecificity of radical polymerization is determined by a combination of several factors
such as monomer structure, concentration, solvent, temperature, complexation, and template
effects.
Radical polymerization of N,N-disubstituted acrylamides is one of the representative systems
in which stereospecificity depends on monomer structure.1 N,N-Dimethylacrylamide
(DMAAm) tends to afford isotactic polymer, in particular in non-polar solvents such as
toluene at low temperatures, whereas N,N-diphenylacrylamide (DPhAAm) gives
syndiotactic polymer regardless of the solvents and temperature.
We have reported that hydrogen bonding interactions are useful for controlling the
stereospecificity of the radical polymerization of acrylamide derivatives. In the course of this
study, we found that the N-substituent s-trans to the C=O group of N-methylacrylamide
(NMAAm) derivatives plays an important role in determination of stereospecificity of their
radical polymerizations.2
It was reported that N-methyl-N-(2-pyridyl)amide compounds switch from the s-trans O=CN-Py conformation to the s-cis O=C-N-Py conformation with protonation.3 Therefore,
radical polymerization of N-methyl-N-(2-pyridyl)acrylamide (MPyAAm) was carried out in
CH2Cl2 at 0°C in the presence of trifluoroacetic acid. As a result, the stereospecificity of the
MPyAAm polymerization was successfully controlled utilizing conformational switching of
MPyAAm monomer with protonation (Figure 1).4

Figure 1: Stereocontrol in radical polymerization of MPyAAm by conformational switching with protonation.
References
[1] - W. Liu, T. Nakano, Y. Okamoto, Polym. J. 2000, 32, 771-777.
[2] - T. Hirano, S. Nasu, A. Morikami, K. Ute, J. Polym. Sci. Part A: Polym. Chem. 2009, 47, 6534-6539.
[3] - I. Okamoto, M. Nabeta, Y. Hayakawa, N. Morita, T. Takeya, H. Masu, I. Azumaya, O. Tamura, J. Am.
Chem. Soc. 2007, 129, 1892-1893.
[4] - T. Hirano, A. Morikami, K. Ute, J. Polym. Sci. Part A: Polym. Chem. 2011, 49, 4164-4171.
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Mass spectrometry for structural characterization of polymers
C. Schwarzinger
Institute for Chemical Technology of Organic Materials, Johannes Kepler University Linz, Austria
Clemens.schwarzinger@jku.at

Intens. [a .u.]

Polymer mass spectrometry has gained a lot of attention in recent years because of the high
amount of information that can be gathered, such as molar mass distribution, repeat units,
end groups, etc. But care must be taken when it comes to sample preparation, especially
when the simple and fast “dried droplet” technique is used.
Most convenient is MALDI MS as it provides only singly charged ions and samples can
easily be prepared. But this easy sample preparation often results in inhomogeneous
distribution of the compounds and therefore questionable results. Several rather simples
points have to be obeyed to circumvent these problems and produce reliable high quality
data using the dried droplet technique, as there are the use of ionic liquids as matrices or
higher matrix concentration [1, 2].
When it comes to copolymers things are getting even worse. In this case it is advisable to
separate the polymer into fractions either by precipitation or by SEC [3]. We have found that
a modified electrospray interface coupled to the SEC is a very efficient and elegant way
yielding best results in terms of polymer separation and MALDI sample preparation.
Also the combination of HPLC with electrospray ionization (ESI) mass spectrometry has its
applications as the polymer separation is complementary to SEC. However, in this case mass
spectrometers with very high resolution have to be used as ESI produces multiply charged
ions which makes the spectra harder to interpret (Fig. 1).
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Figure 1: Mass spectra of polyethylene glycole 4k, singly charged ions obtained with MALDI and multiply
charged (3, 4, 5, and 6 times) ions obtained with ESI.

Though mass spectrometry has its limitations in non ionizable polymers, high molar mass
polymers and those with very wide molar mass distributions, the amount of information that
can be gathered from a single analysis, especially if the polymers are complex, justifies the
work that sometimes has to be put into sample preparation or .
References
[1] S. Gabriel, D. Pfeifer, C. Schwarzinger, U. Panne, S.M. Weidner, Rapid Commun. Mass Spectrom., 28/5,
489 (2014).
[2] S. Gabriel, C. Schwarzinger, B. Schwarzinger, U. Panne, S.M. Weidner, J. Am. Soc. Mass Spectrom., 25,
1356 (2014).
[3] H. Gabriel, M. List, C. Schwarzinger, Macromol. Symp. 313-314, 112 (2012).
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Charged Multiblock Polymers: From Cosolvent-Templated SelfAssembly to Ultrapermeable Gas-Separation Membranes
R.J. Spontak, K.P. Mineart1, M. Gradlieski2, Liyuan Deng3

Department of Chemical & Biomolecular Engineering, North Carolina State University; spontak@ncsu.edu
1
Department of Chemical Engineering, Bucknell University; kpm007@bucknell.edu
2
Institut für Chemie, Technische Universität Berlin; michael.gradzielski@tu-berlin.de
3
Department of Chemical Engineering, Norwegian University of Science & Technol.; liyuan.deng@ntnu.no

While endblock-sulfonated ABA triblock copolymers have been the subject of numerous
prior investigations, we focus on the self-assembly and property development of ABCBA
pentablock polymers wherein the midblock is selectively sulfonated. In this architecture, the
A and B blocks are hydrophobic, whereas the C block is hydrophilic and the extent of its
hydrophilicity depends on the degree of sulfonation. Earlier studies [1] have established that
the morphologies formed in this material can be solvent-templated, yielding discrete ionic
micelles embedded in a nonpolar matrix or a continuous ionic matrix with alternating
lamellae. Solvent-vapor annealing is further capable of refining or altogether changing the
morphology in bulk specimens over the course of minutes [2]. After providing relevant
background regarding morphological analysis by transmission electron microscopy/
microtomography (TEM/TEMT) and small-angle X-ray scattering (SAXS), we consider
self-assembly in a mixed cosolvent and compare results obtained from SAXS and smallangle neutron scattering (SANS) of micellar solutions wherein neutron contrast is controlled
by selective deuteration. Our results provide insight into solvent partitioning within the
micelles. In addition, we likewise consider the hydrothermal response of films with
embedded ionic micelles [3]. Due to their inherently amphiphilic nature, these mechanically
robust thermoplastic elastomers are particularly suitable for contemporary applications
requiring the presence of a polar solvent, such as dye-sensitized solar cells [4]. They also
exhibit useful molecular transport properties as gas-separation membranes. While they are
remarkably selective for basic gases such as NH3 [5], they also display promise for CO2
capture, alone and after incorporation of an ionic liquid. Aspects of this attribute are
discussed in terms of morphological development after solvent templating and hydrothermal
treatment. If time permits, an altogether novel application will be introduced.

Figure 1: Robeson plot of CO2 for membranes cast from different solvents and before/after water treatment.
References
[1] – K.Mineart, X.Jiang, H.Jinnai, A.Takahara and R.Spontak, Macromol. Rapid Commun. 36, 432 (2015).
[2] – K.Mineart, B.Lee and R.Spontak, Macromolecules 49, 3126 (2016).
[3] – K.Mineart, H.Al-Mohsin, B.Lee and R.Spontak, Appl. Phys. Lett. 108, 101907 (2016).
[4] – H.Al-Mohsin, K.Mineart, D.Armstrong, A.El-Shafei and R.Spontak, Sol. RRL 2, 1700145 (2018).
[5] – L.Ansaloni, Z.Dai, J.Ryan, K.Mineart, K.Saud et al., Adv. Mater. Interf. 4, 1700854 (2017).
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TEM Imaging & Quantification in 2- and 3-Dimensions
J. Loos
DSM Materials Science Center B.V., PO Box 1066, 6160 BB Geleen, The Netherlands
joachim.loos@dsm.com

Characterizing the morphology of materials is mandatory to establish so-called structureproperty relations in materials science. Type, composition and organization of atomic or
molecular building blocks at various length scales from millimetres down to sub-nanometres
define ultimately properties and materials performance. A vast toolbox of techniques allows
for characterizing the organization of materials mainly based on microscopic, scattering or
spectroscopic interactions.
As one of them, transmission electron microscopy (TEM) is a versatile tool that allows to
characterize matter with high-resolution. For imaging, several contrast creation modes are
available, and achieving atomic resolution even for electron beam sensitive samples is
nowadays standard. However, making the step from basic imaging, in which certain sample
features are highlighted, to image processing and statistical relevant feature analysis, is not
trivial and requires insights on contrast creation mechanisms originating from electron beam
– sample interaction, imaging conditions and characteristics of the optical system. Going
from 2D to 3D imaging, i.e. volume characterization of the complex morphology of materials,
the probability for image misinterpretation may severely increase. Beside 2D imaging
artefacts, tomographic reconstruction is an additional factor that may distort the imaging
result, and the corresponding statistical analysis.
In this paper I will show some examples on how contrast creation influences appearance and
sizes of morphological features, how type and chosen parameter of algorithms may alter
morphological information of volume reconstructions, and how to achieve reliable and
statistical relevant data of the morphology of complex materials. The work is based on many
scientific studies with many contributors; I’m very grateful for the fruitful collaboration.
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Single-Molecule AFM Study on the Force-Induced Melting of Polymer
Single Crystals
Wenke Zhang, Yu Song, Ziwen Ma
State Key Laboratory of Supramolecular Structure and Materials, Jilin University, Changchun, China
Email: zhangwk@jlu.edu.cn

The force-induced melting is critical for the drawability and toughness of semicrystalline
polymer materials [1-3]. The study on the behavior of a single polymer chain during the
force-induced melting of a polymer single crystal will shed light on the structure-function
relationship and facilitate the design/preparation of high-performance polymer materials.
The appearance of AFM-based single-molecule force spectroscopy (SMFS) makes it
possible to manipulate individual molecule and measure the inter- or intra-molecular
interactions quantitatively [4,5]. However, due to the complexity of the system, it is very
challenging to study molecular interactions in condensed polymer system at single molecule
level. By combining proper sample preparation, AFM imaging and single-molecule force
spectroscopy, we established a method to pull a single polymer chain out of its single crystal
and quantify the melting force, as shown in Figure 1 [6]. In addition, the effects of amorphous
loop, chain conformation as well as the environment on the force-induced melting have been
investigated systematically [7-10]. Furthermore, steered molecular dynamics (SMD)
simulations have been used to disclose the molecular details of those force-induced melting
processes [11].

Figure 1: Single-molecule AFM study on the force-induced melting of polymer single crystal.
References
[1] C. R. López-Barrón, Y. Zeng, J. J. Schaefer, A. P. R. Eberle, T. P. Lodge and F. S. Bates,
Macromolecules, 2017, 50, 3627−3636.
[2] Y. Wang, Z. Jiang, L. Fu, Y. Lu and Y. Men, Macromolecules, 2013, 46, 7874−7879.
[3] S. Jabbari-Farouji, O. Lame, M. Perez, J. Rottler and J. L. Barrat, Phys. Rev. Lett., 2017, 118, 217802.
[4] G. Binnig, C. F. Quate and C. Gerber, Phys. Rev. Lett., 1986, 56, 930−933.
[5] N. N. Liu and W. K. Zhang, ChemPhysChem, 2012, 13, 2238−2256.
[6] K. Liu, Y. Song, W. Feng, N. N. Liu, W. K. Zhang and X. Zhang, J. Am. Chem. Soc., 2011, 133,
3226−3229.
[7] Y. Song, W. Feng, K. Liu, P. Yang, W. K. Zhang and X. Zhang, Langmuir, 2013, 29, 3853−3857.
[8] P. Yang, Y. Song, W. Feng and W. K. Zhang, Macromolecules, 2018, 51, 7052−7060.
[9] X. Lyu, Y. Song, W. Feng and W. K. Zhang, ACS Macro Lett., 2018, 7, 762−766.
[10] Y. Song, P. Yang, K. Jiang and W. K. Zhang, Polymer Crystallization. 2018;1–6.
https://doi.org/10.1002/pcr2.10048
[11] W. Feng, Z. G. Wang and W. K. Zhang, Langmuir, 2017, 33, 1826−1833.
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Single molecule analysis of polymeric materials
by fluorescence nanoscopy
Hiroyuki Aoki1, 2
1

J-PARC Center Japan Atomic Energy Agency, 2Institute of Materials Structure Science,
High Energy Accelerator Research Organization
e-mail: hiroyuki.aoki@j-parc.jp

The physical properties of polymer materials are dependent on the conformation and
molecular motion of a polymer chain. Therefore, the structure and dynamic behavior of the
single polymer chain have been the most important concerns in the field of polymer physics.
Because a fluorescence method is extremely sensitive, the fluorescence microscopy enables
the direct detection of a single molecule. However, the structure of the polymer chain as
large as 100 nm cannot be resolved by conventional fluorescence methods due to the
diffraction limit of light. In this decade, the optical microscopy techniques with nanometric
spatial resolution “nanoscopy” has been developed. Among the several nanoscopy
techniques, the single molecule localization microscopy (SMLM) shows the highest
resolution. The SMLM is studied extensively in the field of cell biology; on the other hand,
it has not been used for polymer materials. In order to apply the single chains in a bulk
polymer material, we developed the labeling method of polymer chains with a photoswitchable dye and a three-dimensional observation method. The real-space conformational
analysis of single polymer chains with the spatial resolution of 15-20 nm was achieved.
Figure 1 shows the SMLM images of individual chains of poly(butyl methacrylate). This
shows that the conformation of the single chain was clearly observed in three dimensions.
The image data for a single chain provides various information such as the orientation and
anisotropy, which has been hidden in the ensemble averaged information. The direct
observation by the nanometric optical microscopy would reveal the further insight of the
molecular processes in the various polymer systems.

Figure 1: Three-dimensional nanoscopy image of single PBMA chains in a 210 nm-thick film. The size of the
field of view is 1250 x 1250 x 600 nm3. (a), (b), and (c) show the two-dimensional projections on the xy, yz,
and zx planes, respectively. The gray dashed lines indicate the interfaces of the sample film. The film surface
corresponds to the line on the left in (b) and to the upper line in (c).
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Building a New Range of Photon Science
- Challenge of Super Lightsource for Industry Technology in Japan
(SLIT-J) Project –
Masaki Takata
Institute of Multidisciplinary Research for Advanced Materials (IMRAM), Tohoku University,
President, Photon Science Innovation Center(PhoSIC)

Advanced Synchrotron Radiation (SR) has been recognized as a premier research tool for
developments of Polymer Science and Technology as well as industry core application.
Large-scale SR facilities around the world constantly evolved to provide super brilliant and
super directive X-ray and has built a new range of applications of the Nano-disciplines.
Since 2012, we have been pursuing the low emittance 3GeV Synchrotron Radiation Facility
project: SLiT-J (Synchrotron Light in Tohoku, Japan). After extended deliberations, the
MEXT Japan has just decided to initiate the new 3GeV facility construction on the campus
of Tohoku University. The construction and operation will be carried out by a new
organization. It is a Public - Private/Local Governments Partnership in which the partners
are the QST (National Institute of Quantum Radiological Science & Technology), Tohoku
University, Miyagi Prefecture, Sendai-City, Tohoku Economic Federation as well as the
Photon Science Innovation Center. Funding comes from private sector investments, local
governments as well as Tohoku University’s support.
The primary target of the project is to drive innovation by pioneering nanometer scale
visualization of materials’ function as a “Super Light Source for Industrial Technology (SLITJ)”. A groundbreaking concept of industry-academy alliance for SR application, “Coalition
Concept”, is also arising out of the dialogue with industries and professors about outlook for
the research market of SLiT-J.
The latest status and the perspectives on the project will be presented.

− 13 −

Invited Talks – Session: Synchrotron + Scattering

I09

Application of Synchrotron Radiation X-ray Scattering and Spectroscopy
to Soft Matter
Atsushi Takahara
Institute for Materials Chemistry and Engineering, WPI-I2CNER, Research Center for Synchrotron Light
Applications, Kyushu University, E-mail: takahara@cstf.kyushu-u.ac.jp

Synchrotron radiation (SR) produces light that is highly brilliant than conventional X-ray
sources. Photon energy covers from soft X-ray, tender X-ray to hard X-ray. By utilizing
wide energy range and high quality of light, various scattering and spectroscopic methods
can be applied to various soft materials. In this presentation, our recent researches on
application of synchrotron X-ray scattering and spectroscopy to soft matter are summarized.
Structure of polymer-grafted nanoparticles (SPNP) film consisting of a spherical silica
core and densely-grafted polymer chains bearing hydrogen-bonding side-groups capable of
physically crosslinking, was investigated by in-situ ultra-small angle X-ray
scattering(USAXS) during uniaxial stretching process. USAXS revealed that the molded
SPNP formed a highly oriented twinned fcc lattice structure and a [111] plane was aligned
nearly parallel to the film surface at initial state. Structural analysis of in-situ USAXS using
a model of uniaxial deformation induced by rearrangements of the nanoparticles revealed
that the fcc lattice was distorted in the stretching direction being proportional to the
macroscopic strain until the strain reached 35%.
Grazing incidence X-ray diffraction (GIXD) is a powerful tool to characterize the surface
molecular aggregation states of polymer films. Tender X-ray with wavelength of 0.25-0.62
nm has potential advantage that penetration depth gradually increases above the critical
angle. Tender X-ray GIXD was successfully applied to side chain crystalline polymer films
for depth profiling of the crystalline state.
Soft X-ray emission spectroscopy (XES) was employed to characterize the local electron
structure of water confined in a charged polyelectrolyte brush. The XES spectrum of water
confined in a poly(2-(methacryloyloxy)ethyl trimethylammonium chloride) (PMTAC) brush
was compared with those of the dry PMTAC brush in vacuum, bulk water and ice. The
results indicated that the water confined in the PMTAC brush almost lacks the 1b1’’ peak,
which means the confined water is highly hydrogen bonded like ice. On the other hand, water
molecules in sulfobetaine polymer brush showed hydrogen-bonding configuration similar to
bulk water.
X-ray photon correlation spectroscopy (XPCS) is a technique, which allows us to
characterize the dynamics of materials with coherent X-ray source. The dynamical behavior
of polystyrene-grafted silica nanoparticles dispersed in a polystyrene matrix was studied
using XPCS. While at low temperatures the particle motion was hyperdiffusive, the motion
became subdiffusive with increasing temperature. This crossover may be a result of the
competition between the dynamical heterogeneity of a polymer matrix around the glass
transition temperature, and the interaction between the polymer brushes and the polymer
matrix.
Acknowledgement: These researches were supported by Photon and Quantum Basic
Research Coordinated Development Program from the MEXT, Japan and ImPACT
program.
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Polymer Adsorption on Clay Surfaces by Small Angle Neutron Scattering
A.I. Nakatani,1 C.E. Mohler,2 M. K. Poindexter,3 S. Hughes2
Affiliation: The Dow Chemical Company, Collegeville, PA,1 Midland, MI,2 Lake Jackson, TX,3
Anakatani@dow.com

Understanding the basis of polymer adsorption behavior on inorganic surfaces is critical in
a variety of industrial applications, including water treatment, pigmented architectural
coating formulations, cement formulations, and pulp and paper manufacture. To further the
understanding of the adsorption process, the adsorption behavior of select high molecular
weight polymers onto a model clay surface in aqueous formulations is studied as a function
of polymer concentration by small angle neutron scattering (SANS). A brief overview of the
SANS methodology will be presented. The model clay used in the study is LAPONITE®,
which has a well-defined disk-like morphology and narrow distribution of platelet sizes. The
SANS results were fit using a core-shell cylinder model allowing extraction of the adsorbed
polymer layer dimensions on both the radial and face of the clay particles. The polymer
layer thickness and density were found to depend on the polymer concentration,
progressively adsorbing onto the radial and then facial locations of the clay particles. The
results are compared with other studies of polymer adsorption onto surfaces and put in
context with existing theories for polymer adsorption.
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Block Copolymer Blends: From Fine Tuning of Morphologies to Novel
Superstructures
V. Abetz1,2
1

Helmholtz-Zentrum Geesthacht, Institute of Polymer Research,
Max-Planck-Str. 1, 21502 Geesthacht, Germany
2
University of Hamburg, Institute of Physical Chemistry,
Grindelallee 117, 20146 Hamburg, Germany
volker.abetz@hzg.de

Block Copolymers of incompatible chains display a large variety of microphase separated
morphologies, which depend on the number and chemical nature of blocks, the sequence and
relative amount of different blocks, and the topology of the macromolecule. A further
increase in morphological variety can arise if different block copolymers are blended with
each other. In this presentation examples for blends of different triblock and diblock
copolymers or homopolymers will be given, where transmission electron microscopy and
small angle x-ray scattering are used as main tools to analyse the morphological features of
the blends.
Possibilities range from generating intermediate morphologies in the phase diagram by
mixing of block copolymers with neighboring morphologies, such as mixing a cylindrical
and inverse cylindrical block copolymer with similar molecular weights to form a lamellar
structure. More interesting are novel superstructures, which cannot be obtained by the
individual block copolymers just by changing their composition. This was shown on the
example of a non-centrosymmetric superlattice of a lamellar triblock terpolymer blended
with a lamellar diblock copolymer [1] and since then more novel superlattices in block
copolymer blends were identified, also by including selective attractive interactions
between blocks of the blending partners [2-6]. Besides this, also the tuning of the periodic
length scale in a particular morphology is possible by mixing larger and smaller block
copolymers of the same composition. This was shown on the example of different
morphologies and besides dense film morphologies of equilibrated structures also this
concept could be extended to a kinetically trapped, pore forming morphology in so called
phase inversion membranes [7]. The driving forces leading to mixed superstructures in
block copolymer blends will be discussed.
References
[1] – T. Goldacker, V. Abetz, R. Stadler, I.Ya. Erukhimovich, L. Leibler, Nature 398, 137 (1999).
[2] – V. Abetz, T. Goldacker, Macromol. Rapid Commun. 21, 16 (2000).
[3] – S. Jiang, A. Göpfert, V. Abetz, Macromolecules 36, 6171 (2003).
[4] – H. Jinnai, T. Kaneko, K. Matsunaga, C. Abetz, V. Abetz, Soft Matter 5, 2042 (2009).
[5] – T. Gil Haenelt, C. Abetz, V. Abetz, Macromol. Chem. Phys. 219, 1700241 (2018).
[6] – T. Gil Haenelt, C. Abetz, V. Abetz, Macromol. Chem. Phys. 219, 1800383 (2018).
[7] – M. Radjabian, V. Abetz, Adv. Mat. 27, 352 (2015).

− 16 −

Invited Talks – Session: Separation

I12

Playing Analytical LEGO for the Unravelling of Polymer Nanostructure
Harald Pasch
University of Stellenbosch, Department of Chemistry & Polymer Science,
PO Box X1, 7602 Stellenbosch, South Africa, e-mail: hpasch@sun.ac.za

Information regarding molar mass distribution (MMD) and chemical composition
distribution (CCD) of complex polymers is important in order to fully understand materials’
behaviour and properties during processing and application. The precise analysis of such
materials having multivariate distributions is a difficult task and a single separation/analysis
method is often not able to provide comprehensive information. For the characterization of
the different types of molecular heterogeneity of polymers it is necessary to use a wide range
of analytical fractionation techniques. Preferably, these techniques should be selective
towards a specific type of heterogeneity.
The present talk presents some principle ideas on the analysis of complex polymers
regarding chemical composition and microstructure using advanced fractionation and
spectroscopic methods. The basic principles of multidimensional fractionations will be
discussed and their capabilities in chemical composition and microstructure analysis will be
highlighted.
A number of applications including copolymer and microstructure analysis as well as the
fractionation and analysis of polymer assemblies (micelles, vesicles) by HPLC, 2D-LC, and
field-flow fractionation will be presented. Multidetector column- and channel-based
fractionation technologies will be highlighted. Specific focus will be on the
multidimensional fractionation of complex polyolefins using a multiple preparative
fractionation protocol and the characterization of polymer assemblies using channel-based
multidetector fractionation methods.

References
1.
2.

3.

Pasch, H., Trathnigg, B.: Multidimensional HPLC of Polymers.
Springer-Verlag, Berlin-Heidelberg-New York, 2013, ISBN: 978-3-642-36079-4
Pasch, H., Malik, M.I.: Advanced Separation Techniques for Polyolefins.
Springer-Verlag, Berlin-Heidelberg-New York, 2014, ISBN: 978-3-319-08631-6 (Print) 978-3-31908632-3 (Online)
Malik, M.I., Pasch, H. Progr. Polym. Sci. 2016, 63, 42-85,
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Development of Switchable Chiral Stationary Phase for HPLC Using
Dynamic Helical Polymers
K. Maeda
Nano Life Science Institute (WPI-NanoLSI), Kanazawa University,
maeda@se.kanazawa-u.ac.jp

The synthesis of helical polymers with a controlled helix sense has been attracting much
interest not only for mimicking biological helices, but also for developing new chiral
materials. We have developed various stimuli-responsive helical polymers based on unique
structural features in dynamic helical polymers, which showed intriguing chiral
discrimination ability and chiral amplification phenomena [1,2]. Here, I will introduce our
recent works on the development of switchable chiral stationary phase (CSP) for high
performance liquid chromatography (HPLC) using dynamic helical polymers.
A polyacetylene derivative bearing 2,2’-biphenol-derived pendants (poly-1) forms a
preferred-handed helical conformation upon complexation with nonracemic 1phenylethanol (PEA) in the solid state as well as in solution and the induced macromolecular
helicity can be memorized even after complete removal of the chiral guests [3]. By taking
advantage of this unique feature in poly-1, we have developed an unprecedented switchable
CSP for HPLC, in which the elution order of the enantiomers can be switched based on
reversible switching and subsequent memory of the helicity in poly-1 by the treatment with
a solution of (R)- and (S)-PEA in the solid state (Figure 1).

Figure 1: Schematic illustration of elution-order switchable polyacetylene-based CSP for HPLC.

We also developed a three-state switchable CSP for HPLC by using a
helical poly(phenylacetylene) bearing a chiral α-methoxyphenylacetic
acid residue as the pendant (poly-2). The poly-2-based CSP showed
significantly different chiral discrimination abilities toward various
racemates depending on the three different states of the helical
conformation of the polymer backbone (right-handed, left-handed, and
racemic helices), which were reversibly switched by directly treating the
column with the eluents containing achiral metal cations or methanol.
References
[1] E. Yashima, N. Ousaka, D. Taura, K. Shimomura, T. Ikai, K. Maeda Chem. Rev. 116, 13752 (2016).
[2] K. Maeda, E. Yashima Top. Curr. Chem. 375, 72 (2017).
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Theory and Principles of Interaction Chromatography
Yongmei Wang
Department of Chemistry, The University of Memphis, Memphis, Tennessee 38152, USA
ywang@memphis.edu

This talk aims to provide a good understanding on the principle of Interaction
Chromatography. A proper appreciation and understanding of Interaction Chromatography
(IC) requires some fundamental knowledge on polymer adsorption1,2. The talk will begin by
recalling knowledge gained long ago from the study of polymer adsorption on solid substrate
and show how the unique co-elution mode in Liquid Chromatography at the Critical
Condition (LCCC) is linked with the Critical Adsorption Point (CAP) known to exist in the
discussion of polymer adsorption. Computer simulations that allow for flexibility to vary
chain model, from Random Walks (RW) model that does not account for excluded volume
interaction to Self-Avoiding Walks (SAW) model that accounts for excluded volume
interaction, have been used by the author and her group to address multiple problems
encountered in actual experiments. The talk will discuss several joint computational and
experimental studies3–5 that have examined elution of block copolymers and ring polymers
in Interaction Chromatography. The simulations reveal interesting phenomena existed in
LCCC experiments and help elucidate the true mechanism behind the observed phenomena.
References
[1]
Wang, Y. Theory and Principles of Interaction Chromatography. In ACS Symposium Series. vol
1281; 2018; pp 19–30.
[2]
Ziebarth, J. D.; Wang, Y. Interactions of Complex Polymers with Nanoporous Substrate. Soft Matter
2016, 12 (24), 5245–5256.
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Ziebarth, J. D.; Gardiner, A. A.; Wang, Y.; Jeong, Y.; Ahn, J.; Jin, Y.; Chang, T. Comparison of
Critical Adsorption Points of Ring Polymers with Linear Polymers. Macromolecules 2016, 49 (22),
8780–8788.
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Zhu, Y.; Ziebarth, J.; Fu, C.; Wang, Y. A Monte Carlo Study on LCCC Characterization of Graft
Copolymers at the Critical Condition of Side Chains. Polymer 2015, 67, 47–54.
[5]
Lee, S.; Lee, H.; Thieu, L.; Jeong, Y.; Chang, T.; Fu, C.; Zhu, Y.; Wang, Y. HPLC Characterization
of Hydrogenous Polystyrene -Block- Deuterated Polystyrene Utilizing the Isotope Effect.
Macromolecules 2013, 46 (22), 9114–9121.
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A novel fast and sensitive stability evaluation method of polymer
materials
R. Yang, Z.H. An, X. Liu
Department of Chemical Engineering, Tsinghua University, Beijing, 100084, P. R. China.
yangr@mail.tsinghua.edu.cn

Stability evaluation of polymer materials is generally carried out by natural exposure or
artificial accelerated weathering. The former is time-consuming (lasts for years) and the
result is hard to repeat. The latter is also time-consuming (lasts for months) and often faces
a problem: Does it give the same result as natural exposure? This problem arises because the
conditions (temperature, moisture, UV) are hard to adjust and simulate the real case. In
addition, these two methods do not tell people what changes happened to what extent, people
must do sampling and characterize samples by various analytical instruments afterwards.
A novel fast and sensitive stability evaluation method of polymer materials developed in this
paper. It is based on the sensitive in-situ detection of trace volatile degradation products
(CO2, CO, H2O, etc.) in the very early stage of aging of polymer materials. The instrument
was designed to introduce multiple conditions such as UV irradiation, temperature, moisture
and atmosphere, and these conditions can be adjusted easily [1,2]. Therefore, the stability of
a polymer material can be evaluated in several hours. In addition, the conditions are easy to
adjust so as to simulate aging under various climate conditions with high or low temperature,
moisture, UV irradiation, and oxygen content. This endows the instrument not only great
flexibility to investigate the stability under certain climate condition, study the effects of
environmental factors and chemical compositions on the stability of polymer materials, but
also ability to study the aging kinetics and predict the lifetime.
In this paper, several examples are introduced, including the aging status study of a nitrile
rubber [3], stability evaluation of polyolefin composites, and activation energy
determinations of a composite under different conditions. The results demonstrate this is a
fast, highly sensitive, and powerful stability evaluation method.
Acknowledgement
Project supported by NSFC (51673111).
References
[1] – Patent CN 201410190341.X
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[3] – X. Liu, J.H. Zhao, R. Yang, R. Iervolino, S. Barbera, Polym. Degrad. Stab. 128, 99 (2016)

− 21 −

Contributed Talks – Session: Spectroscopy & Others

C1.2

Crystallization and Hydrolysis Studies of Poly(Ester Urethane)
Dali Yang, Alexander Edgar, Joseph Torres
MST-7: Engineered Materials, MST Division
Los Alamos National laboratory
Los Alamos, NM 87545, USA, dyang@lanl.gov

Poly(ester urethane) (PEU) is a multiblock copolymer, and is synthesized by the
polymerization of 4,4’-diphenylmethane diisocyanate (MDI) chain-extended with 1,4butanediol (BDO) as rigid hard segments and polybutylene adipate (PBA) as flexible soft
segments. With these two types of segments, the polymer exhibits good abrasion
resistance, high elongation, and low temperature flexibility. However, it is well known that
the ester groups in the soft segments are easily subjected to hydrolysis; the polymer
properties change significantly over the hydrolysis process. The hydrolytic effect on the
microstructures of degraded polymer has been studied by varying the degree of the
hydrolysis. The properties of the PEU samples before and after degradation were
characterized using SEC, TGA, DSC, FTIR and NMR spectroscopy. The hydrolytic
degradation studied by SEC and NMR reveals that the portion of hard segments increases
as the degree of hydrolysis increases. UV/Visible and FTIR spectroscopy reveal that the
polymeric acid and polymeric alcohol major product after hydrolysis. DSC and FTIR
spectroscopy reveal that the crystallinity increases with increasing degree of hydrolysis.
Despite the degraded polymer possessing low molecular weight and decreased mechanical
strength due to the hydrolytic degradation, their thermal stability does not change
significantly, confirmed by the TGA measurement.
This work was supported by the US Department of Energy through the Los Alamos
National Laboratory Aging and Lifetimes Program. Los Alamos National Laboratory is
operated by Triad National Security, LLC, for the National Nuclear Security
Administration of U.S. Department of Energy. LAUR-19-21393
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The Nanomechanical Properties in Poly(3-hexylthiophene) Nanofibers
Y. Song, K. Jiang, W.K. Zhang
State Key Laboratory of Supramolecular Structure and Materials, College of Chemistry, Jilin University,
Changchun 130012, P. R. China
songyu16@jlu.edu.cn

Semicrystalline conjugated-polymer electronics have the great potential in electronic skin,
stretchable displays, and wearable devices due to their flexibility, stretchability and
bendability. To achieve high-performing devices, how the microstructures relates to their
macroscopic mechanical property has been investigated in conjugated polymers with various
main-chain rigidity and side-chain size. Nevertheless, the microstructural variation and
molecular-orientation averaging in bulk materials mask the intrinsic mechanical properties
of microstructures. We investigate the nanomechanical properties of P3HT nanofiber by
using single-molecule force spectroscopy,[1-3] thermal shape-fluctuation analysis and threepoint bending test. Our results demonstrate that the nanomechanical properties of P3HT
nanofiber show anisotropic. We have revealed that, during deformation, π-π slippage within
the P3HT nanofiber is a dynamic equilibrium process and the interaction in between the
alkyl-chain layers has a significant effect on the mechanical properties of P3HT nanofiber.
The proposed method can be used in the research of other nanofibers, and the related results
provide a theoretical basis for the design of photoelectric materials.

Figure 1: The experimental set-up.
References
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[2] X.J. Lyu, Y. Song and W.K. Zhang, ACS Macro Lett. 7, 762 (2018).
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Development of electrospray ionization-ion mobility spectrometry-high
resolution tandem mass spectrometry with collision induced charge
stripping for analysis of highly multiply charged intact polymers
S. Kitagawa, Y. Ozeki, M. Omae, H. Ohtani
Department of Life Science and Applied Chemistry, Graduate School of Engineering, Nagoya Institute of
Technology, Gokiso, Showa, Nagoya 466-8555, Japan, kitagawa.shinya@nitech.ac.jp

For synthetic polymer analyses, high-resolution mass spectrometry (HRMS) can be used to
characterize polymerization degree, backbone structure, end groups, and copolymer
composition. Matrix-assisted laser desorption ionization (MALDI) combined with time-offright MS (MALDI-TOFMS) is frequently used for characterization of intact synthetic
polymers. However, in MALDI-TOFMS, the analytical efficiency decreases with an
increase in molecular weight of polymers. Therefore, MALDI-TOFMS is generally used for
precise analysis, at polymerization degree and isotope peak levels, of relatively small
polymers of with molar masses less than 10 kDa. Electrospray ionization (ESI) is a typical
soft ionization method for liquid samples and has been also applied for the analysis of intact
synthetic polymers. However, general ESI-MS analysis results in very complex mass spectra,
for relatively large polymers, which are impossible to interpret. In this study, we developed
ESI- ion mobility spectrometry (IMS)-tandem mass spectrometry (quadrupole MS (QMS)
and TOFMS) with collision induced charge stripping (CICS) for analysis of highly multiply
charged intact polymers.
PEOs (average molecular weight: 6k and 20k), mPEO-Mal (average molecular weight:
40k, Figure S1), PMMA (average molecular weight: 22 kDa) were used as analytes. A
Waters Synapt G2 HDMS (Waters, Milford, MA) equipped with an ESI source was used for
analyses in the positive mode.
In the analysis of PEOs weighing 6 kDa in ESI-MS, a complex mass spectrum was
observed due to two reasons; (1) the polymer is a mixture of different degree of
polymerization, and (2) ESI generates analytes with various multiply charges. Since IMS
has a pontentail to separate ions of the same m/z value but different z value, the overwrapped
signals (z = 2 - 8) were solved by ESI-IMS-MS and analysis at isotope level in HRMS was
successfully performed. In case of PEOs weighing 20 kDa, however, the interpretation was
impossible in ESI-IMS-MS, becaouse gneneration of various highly multuiple charges
analytes (average z = 17) resulted in unseparated 2D-distirubution beween m/z value and
drift time. To solve this probleme, we employed MS/MS and CICS, in which charges
attached to the polymer were reduced by relatively soft collision with inert gas molecules.
In ESI-QMS-CICS-IMS-TOFMS, PEOs of 20 kDa were successfully separated in the 2Ddistirubution and analyzed with an isotope level. We also develped a method to estimate the
number of charges attached on the polymers using a Fourier transform. The developd method
was successfully applied to the analyses of poly(methyl methacrylate)s weighing 22 kDa and
methoxy-PEO-maleimide weighing 40 kDa, and isotope level and polymerization degree
level separations, respectively, were successfully achieved.
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Deterministic and Stochastic Behavior in Protein Aggregation Processes
Curtis W. Jarand,1 Wayne F. Reed1
1

Tulane University, New Orleans, Louisiana, USA, 70118, wreed@tulane.edu

Are aggregation kinetics for a protein in given conditions reproducible? Is aggregation
inherently deterministic, stochastic, or even chaotic? Because protein aggregation in ex vivo
formulations is complex, with many origins and manifestations, the question of aggregation
reproducibility for a given protein, formulation, and stressor is of both fundamental and
practical significance. This initial study found that thermal stress produced deterministic
(reproducible) aggregation behavior, whereas contact stir-stress, using a magnetic stir bar,
led to stochastic behavior. This led to a hypothesis that ‘global stressors’, those that affect
the entire protein population will lead to deterministic aggregation, whereas ‘local stressors’
may lead to stochastic behavior. Examples of global stressors include temperature, uniform
irradiation, and solution conditions, such as pH, ionic strength, and excipient type. Examples
of local stressors include contact-stir, filtration, and peristaltic and other types of pumping.
The ARGEN instrument from Fluence Analytics (New Orleans, Louisiana), based
on Simultaneous Multiple Sample Light Scattering (SMSLS) [1], allowed the time resolved
total light scattering intensity from 16 independent protein samples to be monitored
simultaneously. The aggregation rate (AR), defined as the initial slope of the dimensionless
ratio of weight average mass Mw/Mo vs time, was measured, where Mo is initial mass. The
Instrumental Error Distribution (IED) was found, and repeated monitoring yielding AR
errors within the IED were considered ‘operationally deterministic’, whereas those falling
without the IED were deemed stochastic. The term ‘operationally deterministic’ was derived
from our statement [2]: ‘Whether a process is deterministic or not cannot be fully established
with a measuring instrument”, but only operationally within the IED of the instrument.
Measurements were made on Bovine Serum Albumen, BSA, and a monoclonal
antibody (mAbX). For both, figure 1a shows that thermal stress led to reproducible
aggregation, and contact-stir stress, figure 1b, did not.

Figure 1a (left): Reproducible aggregation thermally induced, for BSA and mAbX
Figure 1b (fight): Irreproducible aggregation induced by contact stirring, for BSA. It was also shown for
mAbX (data not shown)
References
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Biopolymer Blends as Green and Eco-friendly Products
- Preparation and Characterization
H. N. Cheng
USDA Agricultural Research Service, Southern Regional Research Center, New Orleans, LA 70124, USA.
hn.cheng@usda.gov

Polymer blending is a good R&D approach for agro-based materials, where improvements
in end-use properties are desired but chemical modifications may be costly or undesirable.
My recent work has involved the development of several biopolymer blends, such as proteinprotein, protein-polysaccharide, and polysaccharide-polysaccharide systems for different
applications (1-8). Characterization and analyses typically involve studies of polymer
structures and interactions, morphology, thermal and mechanical properties.
An example in the adhesives area is the blends of soy protein (SP) and cottonseed protein
(CP) (1). The dry adhesive strength of a blend was the weight average of the strength of each
blend component, but the superior hot water resistance of CP was maintained even in a 75:25
SP: CP blend. When CP or SP was blended with an inexpensive neutral polysaccharide (e.g.,
starch, hemicellulose, and cellulose), both the dry adhesive strength and hot water resistance
were maintained at 50% polysaccharide addition, thereby potentially decreasing the adhesive
cost (1). In one variation of the protein/polysaccharide blends, when cellulose nanofibers or
nanocrystals were added to CP or SP, about 22% improvement was found in dry adhesive
strength (2). In another variation, when an anionic polysaccharide (e.g., carboxymethyl
cellulose and low methoxy pectin) was added to the protein, improvements of 50% in dry
adhesive strength and 30% in hot water resistance was observed for CP, but not for SP (3).
In the food packaging area, examples of biopolymer blends include blends of hemicelluloses
(5), zein-chitosan (6), and cashew gum-gelatin (7). In the pulp and paper applications, a
blend of cationic and anionic xylan was found to enhance the dry strength of paper (8).
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Cheng, Preparation and characterization of zein and chitosan edible film. Proceedings of the 25th Food
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Cheng. Performance evaluation of cashew gum and gelatin blend for food packaging. Food Packaging and
Shelf Life, 17, 57–64 (2018).
[8] - H. N. Cheng, C. V Ford, F. J. Kolpak, Qinglin Wu, Preparation and Characterization of Xylan
Derivatives and Blends. J. Polym. Environ., 26(10), 4114-4123 (2018).
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Characterization of natural lacquer films by using FT-IR, NMR and
PyGC/MS
N. Niimura1, H. Nishioka1, O. Kamo2 and H. Terashima1
1

Application Management Department, JEOL Ltd.
2
JEOL RESONANCE
Niimura@jeol.co.jp

Natural lacquer is a sap obtained from lacquer tree. It has been used as a coating
material for long time, because it dries into a tough and beautiful film. There are many
histrical artworks coated with natural lacquer. Some of them are designated as important
cultural properties. Three kinds of lacquers have been used as coating materials. They are
Toxicodendron vernicifluum, Toxicodendron succedaneum and Gluta usitata. In the field
of archeology and restrastion work, it is important to identify these lacquer films [1, 2].
In this study, we characterized these three kinds of lacquer films by using Fourier
transform infrared spectroscopy (FT-IR), nuclear magnetic resonance (NMR) spectroscopy
and pyrolysis gas chromatoguraphy/mass spectrometry (PyGC/MS).
From FT-IR analysis, the absorption signals assigned to O-H, C-H, C=C and C-O
stretching were detected at ca. 3650-3100, around 2925, 2855, 1625 and 1030 cm-1 in the
respective spectra. The signal intensity of C-O in the Gluta usitata lacquer film is much
lower than that of the others.
From 1H-NMR analysis, the typical signal attributed to the aromatic ring was detected at
δof about 7.5 ppm in the spectrum of the Gluta usitata lacquer film. Additionaly, from
the 13C-NMR analysis, the typical signal attributed to the aromatic ring was also detected at
δof about 128 ppm in the spectrum of the Gluta usitata lacquer film.
By using PyGC/MS, urushiol components were detected from Toxicodendron
vernicifluum lacquer film. On the other hands, laccol components were detected from
Toxicodendron succedaneum lacquer film. The mass spectrum of the laccol component is
shown in figure 1. Furthermore, thitsiol components were detected from Gluta usitata
lacquer film.
These analytical methods are effective to characterize the natural lacquer films.

Relative intensity
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Figure 1: Mass spectrum of 3-heptadecenylcatgechol (laccol component)
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Filamentous Virus-based Assembly: Effect of Oriented Structures on
Their Thermal Diffusivity
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Regularly assembled structures in a controlled manner lead notable excellent properties
with great potentials in many fields, including nanotechnology and material science.
Especially, biomolecular-based assemblies exhibit the better control due to their
monodispersity, and are utilized in diverse material fields. Among various biomolecules,
recent studies have demonstrated that filamentous M13 bacteriophages (M13 phages, Figure
1) act as components to construct bioinspired materials. Established surface modification of
M13 phages through genetic engineering and synthetic chemical methods is useful for the
construction. We have developed genetically engineered M13 phage-based soft materials
with liquid crystalline properties.[1,2] To widen the applicability of virus-based materials,
the control of phage assemblies is an essential requirement. Herein, we demonstrate solid
films composed of regularly assembled M13 phages with high thermal diffusivities.
M13 phage films with various assembled structures were prepared on a glass plate
circularly patterned with a highly water-shedding coating. Their thermal diffusivities were
measured by temperature wave analysis. The oriented structures of the phages in the films
were characterized by polarized optical microscopy, atomic force microscopy, and small
angle X-ray scattering measurements. It was revealed that the thermal diffusivity of liquid
crystalline films with oriented structures prepared by the flow-induced method was higher
than that with the non-oriented structure. The correlation between the thermal diffusivity and
the orientation suggests that phage-oriented structures were essential for the thermal
diffusivity. The results indicated that thermophysical property of phage films could be
controlled by their assembly.[3,4]

Figure 1: Schematic illustration of M13 phage.
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Imaging amorphous organic materials by scanning transmission electron
microscopy pair distribution function analysis
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Properties and functionality of organic composite materials are directly related to their
molecular geometry and the morphology of their phase distribution. Knowing these
information requires characterization techniques with high spatial resolution, such as
(scanning) transmission electron microscopy ((S)TEM). However, imaging organic
materials at the nanoscale and analyzing their local atomic structure is still a challenge due
to the amorphous structure, weak scattering and beam sensitive nature of organic matters.
Here, we propose a new approach for imaging and analysing the local structure of amorphous
or semi crystalline organic materials [1] based on scanning transmission electron diffraction
(4D-STEM) pair distribution function analysis (PDF) [2].
We show that PDF analysis of electron diffraction [3] can characterize the short- and
medium-range order of organic molecules, and can be used to monitor their evolution for
example to understand beam-induced molecular modifications and associated bond breakage.
More importantly, we show that 4DSTEM-PDF (figure 1) does not only provide local
structural information with nanometer spatial resolution, but can also image the phase
distribution of organic composites. Together with the advantage of dose efficiency due to
use of the full scattered signal, this approach is particularly interesting for imaging unstained
organic composites. In addition, we will also demonstrate the 4DSTEM can also provide
local electric (or magnetic) field measurement of organic composite. We explore the
possibilities of this new approach using [6,6]-phenyl C61-butyric acid methyl ester (PCBM)
and poly(3-hexylthiophene-2,5-diyl) (P3HT) as the archetypical and best-investigated
semiconductor blend used in organic solar cells.

Figure 1: (a) TEM and (b) STEM-HAADF image of the blend film. (c) Procedure of STEM-PDF. (d) PDF
maps of PCBM and (e) P3HT at the same location as in b. (f) Color mix of d and e. (g) A typical EFTEM map.
(h) PDFs of individual phases of the blend, and of the neat phases. All scale bars are 100 nm.
References
[1] X. Mu et al, Microscopy, (2019) accepted.
[2] X. Mu et al, Ultramicroscopy 168, 1–6 (2016).
[3] X. Mu et al, J. Appl. Crystallogr. 46, 1105–1116 (2013).
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Dynamic stress network in block-copolymer type thermoplastic elastomer
K. Nakajima, N. Kotani
Department of Chemical Science and Engineering, Tokyo Institute of Technology, Japan
nakajima.k.aa@m.titech.ac.jp

Thermoplastic elastomer consisting of triblock copolymer was investigated by atomic force
microscopy (AFM)-based nanomechanics. Poly(styrene-b-ethylene-co-butylene-b-styrene)
(SEBS) with the styrene content of 12% and 18% was uniaxially stretched and investigated
by AFM to visualize the morphological and mechanical changes of hard segment domain
consisting of styrene phase and soft segment domain consisting of ethylene-co-butylene
phase. The hard segment domains first deform and their collapse and fusion were observed.
A stress network was formed in the soft segment domain, the time-course change of which
was observed exhibiting its dynamical nature, correlating with the collapse and fusion of
hard segment domains as shown in Figure. 1.

Figure 1: Stress distribution maps (160 nm × 140 nm) of SEBS at the elongation ratio of 50%.
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X-ray Phase-Contrast Imaging with Gratings
̶ Future Potential for Polymer Materials Research
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1

2

Institute of Multidisciplinary Research for Advanced Materials (IMRAM), Tohoku University, Japan
Department of Materials Structure Science, SOKENDAI (the Graduate University for Advanced Studies),
Japan
3
Institute for Materials Research (IMR), Tohoku University, Japan
4
Micromachine Center (MMC), Japan
5
Japan Synchrotron Radiation Research Institute (JASRI), Japan
6
Faculty of Education, Tokyo Gakugei University, Japan
7
Faculty of Engineering, Information and Systems, University of Tsukuba, Japan
Email: wyashiro@tohoku.ac.jp

X-ray phase-contrast imaging with gratings [1,2] has attracted much attention for the last
decade because they allow for highly sensitive X-ray phase-contrast imaging. There are three
advantages of this grating-based X-ray phase-contrast imaging over conventional highsensitivity X-ray imaging techniques: (1) it can use continuous-spectrum X-rays, which
allows for using not only a compact laboratory source but also a white synchrotron source,
the latter of which enables high-speed X-ray tomography with a temporal resolution of a few
ms [3-5]; (2) it works with spherical-wave X-rays, which makes it possible to use even Xray lenses and construct an X-ray projection or imaging microscope with a high
magnification[6-8]; (3) it has multi-modality that provides three independent images, i.e.,
transmission, differential-phase, and visibility-contrast images, the third of which is formed
by ultra-small-angle X-ray scattering (USAXS) from unresolvable microstructures and
allows for structure analysis at each pixel of an X-ray image detector [9-10]. I will introduce
the applications of these advantages and their future potentials for polymer materials
research.
References
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[2] A. Momose, S. Kawamoto, I. Koyama, Y. Hamaishi, K. Takai, and Y. Suzuki, Jpn. J. Appl. Phys. 42,
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Rapid, automated analysis of microplastics using laser direct infrared
imaging and spectroscopy
Masahiko Endo, D.P. Robey, D. Minali, C. Moon
Agilent Technologies, darren.robey@agilent.com

Environmental researchers wish to measure the size, shape, and chemical identity of every
plastic particle in a sample. Because smaller particles are thought to be the most biologically
relevant, this analysis must extend to particles on the micron scale. Unfortunately, traditional
techniques such as visual inspection are slow, manually intensive, and prone to operator bias.
As a result, investigators have recently turned to chemically specific vibrational
spectroscopy, which can be used in a microscope format for particle analysis at greater
speeds.
Spectral microscopes acquire a spectrum guided by a visible-light image to determine a
particle’s chemical identity along with its size and shape. Still, these instruments have
drawbacks. Raman microscopes struggle to identify fluorescent particles, while array-based
FTIR (Fourier transform infrared) microscopes generate a large number of spectra which are
redundant or taken in the empty space between particles. Finally, the massive datasets
generated by these microscopes introduce processing and storage challenges.
The Agilent 8700 LDIR Chemical Imaging System is a breakthrough solution for rapid,
automated, non-destructive analysis of microplastic particles. The quantum cascade laser
(QCL) light source allows tight focusing of the bright infrared light at the precise center of
each particle, identifying micron-scale particles in a matter of seconds. The unparalleled
degree of system automation means that it can leverage both high-magnification visible-light
and infrared images to locate all particles present in a sample and interrogate each one using
either infrared transflection or attenuated total reflection spectroscopy. Finally, built-in
microplastic libraries are automatically applied to identify every particle. The speed of each
spectrum, coupled with the degree of automation and efficiency of the analysis, leads to
significantly shorter time-to-answers.
Here, we present results of a complete microplastics characterization and quantitation
workflow using the 8700 LDIR on real-world samples. All spectra and images are
synthesized into lists of particles present, their typical shapes and sizes, and the overall
abundance of each plastic. These results demonstrate the advantages in measurable particle
size, specificity, usability, and throughput that LDIR brings to the analysis of environmental
microplastics.
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Electronic structure of silica particles in tyre rubber
studied by STEM-EELS
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Silica fillers dispersed in tyre rubber are widely used to improve tyre performance such as
rolling resistance and wear resistance, and the performance is known to be affected by
chemical state of bonds between silica and rubber polymer via silane coupling agent (SCA).
Whereas several bond models between silica and SCA are suggested based on bulk studies
[1], spatial heterogeneity of the bonds has been important to reveal the origin of the tyre
performance and to develop new rubber materials with better performance.
In this study, Si L2, 3-edges of electron energy-loss (EEL) spectra were measured using a
scanning transmission electron microscope (STEM) to analyse chemical state of bonds and
its spatial heterogeneity formed between silica particles and SCA molecules in tyre rubber.
For fragility of the rubber specimen due to electron irradiation of STEM, measurement
conditions were carefully optimized. As a result, obvious difference of spectra acquired at
silica surface were observed depending on presence of the SCA in the rubber (Figure. 1).
Real-space mapping images of signal intensity which corresponds to silica and SCA were
constructed from EEL spectra.

Figure 1: Si L2, 3-edge spectra of silica particles (a) with and (b) without SCA.
References
[1] E. P. Plueddemann, "Silane Coupling Agents" Springer (1991)

− 33 −

Contributed Talks – Session: Imaging & Synchrotron + Scattering

C4.3

Investigation of polymer volume morphology using automated in-situ
ultramicrotomy in SEM and 3D reconstruction
M. Wu
Affiliation: ThermoFisher Scientific, Achtseweg Noord 5, Eindhoven min.wu@thermofisher.com

Direct quantitative revelation of three dimension morphology is of great importance in
understanding the inner microstructure and properties of polymer materials. By integrating
an in-situ ultramicrotomy and electron microscopy, we provide a fully automated workflow
which allows the acquisition of high resolution spatial SEM micrographs during serial
sectioning using the microtome. The method is also known as serial block face SEM
(SBFSEM). With the subsequent 3D reconstruction of the micrograph stacks, we can recover
the comprehensive volume information of the polymer materials.
A polymer blend (isotactic polypropylene/ethylene propylene rubber particles) sample first
underwent a tensile test then was vapor stained using RuO4 and embedded in resin for further
examination. The SBFSEM experiment was conducted in ThermoFisher Apreo VSTM which
combines hardware and software components into one integrated system and is designed for
fully automatic data acquisition on soft materials samples. An entire volume of 122 μm x
122 μm x 10 μm was acquired and the data was collected by physical slicing at LoVac (50
Pa) to suppress charging. The block-face was imaged in BSE mode at 3.5 kV accelerating
voltage, pixel size of 15 nm x 15 nm; nominal thickness of a physical cut was 50 nm. Data
was then processed and visualised using AmiraTM 3D reconstruction software.
The complete dataset shows the particle distribution in the matrix, see Figure 1. In addition,
part of the fracture zone was visualized to trace the propagation of cracks through the bulk.
Three dimensional field of micro-cracks and the distribution, structure of the filler particles
are studied at high resolution.
(a)

(b)

Figure 1: (a) Overview of the entire volume with segmented part showing the micro crack and particle
distribution in the matrix; (b) Comprehensive revelation of 3D information in Amira TM software.

References
[1] Zankel A., Journal of Microscopy, vol. 233(1), pp. 140-148 (2009).
[2] Hovorka M., MC 2015 – Microscopy Conference 2015, Göttingen, Germany.
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On-the-fly Computation of Intermediate Scattering Function
for Molecular Dynamics Simulation: Application to Polymer Melt
T. Murashima
Department of Physics, Tohoku University, murasima@cmpt.phys.tohoku.ac.jp

Molecular dynamics (MD) simulation is a powerful tool to virtually investigate the dynamics
of individual molecules in polymer melt [1], and neutron scattering is an effective way for
revealing real materials [2]. From the intermediate scattering function (ISF) obtained from
the neutron scattering experiment, it is possible to determine the radius of gyration and
diffusion coefficient of the molecule through the theoretical translation [3].
To obtain ISF from molecular dynamics simulation, we usually save trajectory data
of molecules, and then compute the time-correlation function among coordinates of a
molecule. We need a large data storage and long computation time. Because ISF of polymers
which have a long relaxation time demands further trajectory data, it is difficult to calculate
ISF through MD.
To overcome the difficulty, we have developed a new technique to compute ISF
while running MD. The multiple-tau method [4,5] is often used in recent years to obtain a
time correlation function. Since this method uses time-averaged physical quantities to
calculate the long-term regime, the time correlation function can be calculated with a small
amount of memory. Calculating the time correlation function in parallel for each molecule
using multiple-tau method, we can obtain ISF through MD. We have verified this new
technique using Kremer-Grest model [1]. We have confirmed that the radius of gyration and
the diffusion coefficient directly obtained from molecular dynamics simulation agree well
with those obtained from ISF.
References
[1] K. Kremer, G. S. Grest, J. Chem. Phys. 92, 5057 (1990).
[2] D. Richter, B. Ewen, B. Farago, T. Wagner, Phys. Rev. Lett. 62, 2140 (1989).
[3] M. Doi, S. F. Edwards, “The theory of polymer dynamics”, Oxford University Press (1988).
[4] D. Magatti, F. Ferri, Applied Optics 40, 4011 (2001).
[5] J. Ramirez, S. K. Sukumaran, B. Vorselaars, A. E. Likhtman, J. Chem. Phys. 133, 154103 (2010).
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Characterization of Polymers by Simultaneous Extended Q-Range SmallAngle Neutron Scattering and in-situ Light Absorption Techniques
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The macroscopic behavior of semi-crystalline polymers depends on the constitutive
microstructures consisting of molecules arranged in the unit cell (~ Å), lamellar crystals
(~100 Å), fibrils or boards (~1000 Å) and macro-aggregates (>1 m). Control and
optimization of polymer properties require the global knowledge of these microstructural
features in various conditions. Such a wide length scale can be explored at the KWS-2
small-angle neutron (SANS) diffractometer of JCNS [1-3], which was recently optimized
for structural investigations over a wide momentum transfer Q range, between 2x10-4 Å-1
and 1.0 Å-1, by combining classical pinhole and focusing (with lenses) methods, while
simultaneously providing high-neutron intensities with an adjustable resolution – 
between 2% and 20%, using a chopper and TOF data acquisition (Fig. 1, left). Moreover,
to support the SANS observations with additional information about the local molecular
level structure and conformation the instrument was equiped with in-situ light absorption
abilities. UV/Vis or Fourier transform IR spectroscopy can now be performed
simultaneously with standard or time-resolved SANS (Fig. 1, right). The performance of
such a versatile structural investigation approach on just one SANS instrument will be
presented in detail, supported by examples of studies on various polymer systems.

Figure 1: Examples of results showing the advantages of the versatility at KWS-2 SANS diffractometer: left
– SANS on a biopolymer nanogel (blue) and a hydrated polymer electrolyte membrane – sulfonated
syndiotactic-polystyrene (yellow); inset – the crystalline ordering (FCC) occurring in a C28H57-PEO5 diblock
copolymer system at high concentration in D2O; right – simultaneous SANS / FTIR on syndiotacticpolystyrene in THF at temperatures corresponding to the semi-flexible chain (110 °C) and folded helical
chain (20 °C, in gelling board-like crystals) conformations.
References
[1] – A. Radulescu et al., J. Appl. Cryst. 48, 1849 (2015);
[2] – A. Radulescu, et al., J. Vis. Exp. 118, e54639 (2016);
[3] – J. E. Houston et al., J. Appl. Cryst. 51, 323 (2018).
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Semicrystalline Polyethylene Measurement by
Polarized Resonant Soft X-ray Scattering
D. M. DeLongchamp, Chad R. Snyder, Eliot Gann
National Institute of Standards and Technology, U.S.A. dean.delongchamp@nist.gov

Orientation and conformation in nanoscale amorphous regions often dominates the
properties of soft materials such as composites and semicrystalline polymers. In
polyethylene (PE), interlamellar amorphous tie chains have been shown to substantially
reduce the rate of slow crack growth, which is important for long service life in infrastructure
elements such as potable water pipes. I will describe polarized resonant soft X-ray scattering
(P-RSoXS) measurements of semicrystalline polyethylenes. The P-RSoXS of PE is highly
anisotropic with respect to electric field vector, as shown in Figure 1 below. The orientation
of the amorphous interlamellar chains is a significant contributor. Real space models
reproduce salient features of the P-RSoXS pattern including trends in anisotropy with energy,
trends in anisotropy with q, and a clear long period peak. Prospects for correlating
interlamellar orientation measurements by P-RSoXS with tie chain population and crack
growth will be discussed.

288.5 eV

horiz.
polarization

Figure 1: Raw 2D scattering pattern of a thin film of solution-processed Linear Polyethylene SRM 1475
collected at 288.5 eV with horizontal polarization. The pattern will turn 90º with vertical polarization,
indicating that the pattern anisotropy originates from molecular orientation within the scattering structures.
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Coarse grained MD Simulations and 2D Scattering Patterns of Filler
Filled Rubber Systems
Katsumi Hagita
Department of Applied Physics, National Defense Academy, hagita@nda.ac.jp

To simulate filler filled rubber systems such as tire rubbers and automotive parts, coarse
grained molecular dynamics (CGMD) simulations are considered to be effective. The author
investigated CGMD simulations of crosslinked polymer networks filled with spherical
nanoparticles (NPs).
To estimate stress-strain (SS) relations, we performed stretching CGMD simulations under
uniaxial elongations with NVT constant conditions. It found that morphologies of NPs have
important role on the SS relations [1]. The morphologies of NPs under stretching were
experimentally observed by 2D scattering patterns (2DSPs).
To study fracture behaviors (cavitation), CGMD with assuming Poisson’s ratio  < 0.5 were
performed [2]. For attractive NP-polymer interaction, nanovoids appears in bulk; cohesive
fracture. On the other hand, for repulsive NP-polymer interactions, are created at the surface
between the polymers and NPs; interfacial fracture. 2DSPs were influenced by nanovoids
[3] and polydispersity of NPs [4]. To show correspondence with experiments, CGMD
simulations were performed with polydisperse NPs for  = 0.46 [5].

Figure 1: Schematic picture of CGMD model based
on Kremer-Grest [6] model. Polymer chains are
described as Bead-Spring model. A NP consists of
surface particles forming a sphere.

Figure 2: Sliced snapshot and in situ TEM image of
a silica-NP-ﬁlled isoprene rubber. The longitudinal
dimension of both pictures was about 200 nm.
Image courtesy of Prof. Hiroshi Jinnai.
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Analysis of dynamic polymer brush by adhesion force measurement
T. Aoki1, N. L. Yamada2, K. Ito1, H. Yokoyama1
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End-grafted polymer chains on the solid surface are
called polymer brushes. Polymer brushes exhibit
several unique properties, one of which is prevention
of the protein adsorption by screening hydrophobic
interaction [1].
Recently, a new fabricating method of polymer
brushes was developed in our laboratory [2]. This new
method utilizes the spontaneous segregation of
amphiphilic block copolymers to the elastomer/water
interfaces, and is named “dynamic polymer brush.” By
mixing the hydrophobic elastomer and amphiphilic
block copolymers, spontaneous formation of polymer
brushes occurs when the mixture is in contact with
water (Fig. 1). In this system, highly dense and
extended polymer brushes are formed due to the large
hydration energy of the hydrophilic block.
In this study, screening of the hydrophobic
interaction by dynamic polymer brushes was focused.
To investigate the hydrophobic interaction on the
dynamic polymer brush, adhesion forces between the
surface modified by polymer brushes and hydrophobic
probes were monitored by using atomic force
microscopy (AFM) in water [3]. By measuring
adhesion forces, we investigated the effect of dynamic
polymer brushes on the hydrophobic interaction in
water.
References
[1] L. D. Unsworth, H. Sheardown, J. L. Brash, Langmuir, 2005,
21, 1036-1041
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Structural development during gelation of tetra-arm polymer solutions
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Gels are an important class of soft materials in a variety of fields from food industry
to biomedical science. Fundamental understanding on gels has often been hindered by
structural heterogeneity usually observed as strong forward scattering in small-angle
scattering and position-dependent scattering in light scattering experiments. Even the TetraPEG hydrogel [1], which has been considered to be the most homogeneous gel so far, also
exhibits such signs of heterogeneity [2]. Recently, we have found that an appropriate choice
of solvent and concentration significantly diminishes the heterogeneity. In this study, we
examine the structure during gelation of this ideal system using scattering techniques to
reveal the true nature of structural changes brought by the gelation phenomenon.
The samples were prepared by mixing equimolar amount of two four-armed
poly(ethylene glycol) prepolymers having mutually reactive end-groups in acetonitrile.
Gelation of the samples with different polymer concentration c was monitored by timeresolved small-angle X-ray scattering (SAXS). The structure and dynamics of the gels were
also examined by SAXS, static light scattering (SLS), and dynamic light scattering (DLS).
Figure 1 shows the SAXS curves during gelation of solutions with c = 2wt% and
20wt%. The scattering intensity changes with time at c = 2wt% whereas no change is
observed at c = 20wt%. Correlation length ξ of concentration fluctuations, evaluated using
the Ornstein-Zernike function, increased with time at low concentrations, reflecting the
growth of clusters. In contrast, ξ was constant independent of time at higher concentrations.
Figure 2 shows the DLS time correlation functions at randomly chosen different positions in
the gel samples. The time correlation function significantly depends on the measurement
position at c = 2wt% and shows low initial amplitude, indicating the presence of some frozen
heterogeneity. This is attributed to the fixation of clusters beyond the gel point which leads
to heterogeneous distribution of polymer chains, as depicted in the inset of Figure 2. At
higher concentration (c = 10wt%), however, all the correlation functions overlap with each
other, being almost identical to that of prepolymer solutions before gelation. From these
results, it is suggested that both the apparent structure and dynamics do not change by
gelation when the prepolymers uniformly fill the space, while the fixation of clusters to the
network leads to structural heterogeneity at lower concentrations.

References
[1] Sakai, T. et al. Macromolecules 41, 5379-5384 (2008).
[2] Matsunaga, T. et al. Macromolecules 42, 6245-6252 (2009).
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Molecular Dynamics of Ring on Polymer in Polyrotaxane
Investigated by Quasi-elastic Neutron Scattering and MD simulation
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We study molecular dynamics of polyrotaxane (PR) [1], composed of -cyclodextrins (CDs)
and a poly(ethylene glycol) (PEG) axis chain, in solution by means of quasi-elastic neutron
scattering (QENS) measurements and full-atomistic molecular dynamics (MD) simulations.
From the QENS experiments on PR with hydrogenated PEG (hPR) and that with deuterated
PEG (dPR), we measured dynamic scattering factors S(Q,) for CD and PEG in PR solutions
(Figure 1 (a)), and separately estimated the translational diffusion coefficients of CD and
PEG monomers. For further analysis, we performed full-atomistic MD simulations on PR
solutions (Figure 1 (b)). From the MD simulations, we calculated the translational diffusion
coefficients of CD and PEG monomers in PR solutions and confirmed the obtained results
are in quantitative agreement with those from the QENS experiments. By analyzing the
simulation results, we succeeded for the first time in observing and quantifying the sliding
motion of CD along PEG chain. The diffusion coefficient for the sliding motion is almost 6
times slower than that of the translational diffusion of CD in PR at room temperature. The
slowing down of the sliding motion is caused by the energy barrier on PEG. From the
temperature dependence of the diffusion coefficient for the sliding motion, it is found that
the sliding motion of CD on PEG does not follow Einstein-Stokes equation for Brownian
diffusion. We propose a simple equation for the sliding motion composed of Einstein-Stokes
part for Brownian diffusion and jump diffusion part with an energy barrier along the axial
chain. This work provides a general strategy for the molecular designs to control the sliding
motion in PR.
(a)

(b)

Figure 1: (a) Dynamic structure factors S(Q,) for PR with hydrogenated PEG (hPR), PR with deuterated
PEG (dPR), and the difference between them, (b) a smapshot of PR in the full-atomistic MD simulation.

References
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The density fluctuations of amorphous polymer under deformation by
using in-situ Small Angle X-ray Scattering
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Load Direction

Load Direction

Introduction
Polycarbonate(PC) in an excellent thermoplastic with high impact strength, good
transparency and so on. However, PC becomes brittle by annealing below the glass transition
temperature. The mechanism of this phenomenon, which is so-called physical aging, is not
clarified. To understand this phenomenon, we focus on density fluctuations of PC. By using
a strong X-ray source of synchrotron, this density fluctuations can be detected under
deformation. In this study, the change with density fluctuations of as-mold and annealed PC
under deformation is investigated by using time-resolved small angle X-ray scattering.
Experimental
PC sample used in this study is a commercial polymer (viscosity average molecular
weight Mv=19,500). The sample is annealed at 120 °C for 24 h. Time-resolved small angle
X-ray scattering is carried out under a constant load at BL05XU, SPring-8, Japan. X-ray
Energy is 12.4 KeV and camera length is 3.0 m.
Results and Discussion
Fig. 1 shows 2-D images of as(a)
(b)
mold PC for SAXS (a) before and (b)
after applying a load, respectively. As
shown in the figure 1(a), at steady state,
the isotropic scattering pattern is
detected. After applying a load, the
scattering pattern become anisotropic
and the scattering intensity is enhanced
0.2nm-1
0.2nm-1
in the parallel direction of load as
shown in Fig. 1(b). After necking, the
Fig. 1. 2-D images of as-mold PC for SAXS
density fluctuations are enhanced at an
(a) before and (b) after applying a load
accelerating rate. Fig. 2 shows 2-D
(a)
(b)
images of annealed PC for SAXS (a)
before and (b) after applying a load,
respectively. The scattering intensity is
also enhanced by deformation. In
addition, the degree of enhancement in
annealed PC is larger than that in asmold PC. This result indicates
0.2nm-1
0.2nm-1
annealing affect the change of density
Fig. 2. 2-D images of annealed PC for SAXS
fluctuations. We will discuss the
(a) before and (b) after applying a load
detailed change of density fluctuations
in this presentation.
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Structure analysis of ideal physical gel crosslinked with double-helix of
DNA by small-angle neutron scattering
Xiang Li1, Masashi Ohira1, Mitsuhiro Shibayama1
1 Institute for Solid State Physics, The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8581,
Japan. Email: x.li@issp.u-tokyo.ac.jp

Polymer gels are a familiar material in our lives. Most of body tissues and foods are
a sort of gels. However, their network structure commonly possesses a significant level of
heterogeneities, including spatial, topological and crosslinking heterogeneities. These
heterogeneities bring great complexity in understanding the fundamentals of gels. Sakai et
al developed a heterogeneity less gel by covalently end-crosslinking two star-polymers
alternatively. Their method reduces the possibility of inappropriate loops and drastically
improved the homogeneity of gel networks.
In an analogy to their strategy, we synthesized two types star polymers both carrying
single-stranded DNA attached at the ends. The sequence of ssDNAs on these two types of
star polymers are complementary; when mixed in aqueous solution at room temperature, the
complementary ssDNAs immediately forms stable double-helix. Using this self-assembling
mechanism, we successfully formed three-dimensional polymer networks of the star
polymers. The formed gel was fully transparent and showed repetitive sol-gel transition by
changing the temperature. The elastic modulus of this gel is very close to the values
calculated from the phantom model, indicating highly effective crosslinking between the star
polymers.

Figure 1. Schematic illustration of tetraPEG-DNA gel.
The structure of this polymer gel was investigated at different salt condition and
temperatures using contrast-matched small angle neutron scattering. We observed the same
SANS profiles in the gel and sol and no hysteresis were confirmed after repetitive sol-gel
transition. These results strongly suggest the homogeneity in this gel. All the SANS profiles
were well reproduced by a three-components (DNA, star polymer, solvent) model with
random phase approximation.
This gel is the first homogeneous physical gel with self-assembly ability, which
forms a highly-ordered structure in a size that we can touch. This gel may serve as a model
system to explore the properties of physical gels and critical behavior near sol-gel transition.
References
[1] - 1. Sakai, T. et al. Design and Fabrication of a High-Strength Hydrogel with Ideally Homogeneous
Network Structure from Tetrahedron-like Macromonomers. Macromolecules 41, 5379–5384 (2008).
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Crystallization of polymers under shear flow
Kun Li, Go Matsuba
Graduate School of Organic Materials Engineering, Yamagata University

We focused on the shish kebab structure, which is the origin of high-strength and high
modulus of elasticity. In the past of our group, we succeeded to observe crystallization
process of isotactic polystyrene[1] and isotactic polypropylene[2] and polyethylene[3] under
shear flow. However, the molecular weight dependence in the formation process of this
structure is still poorly understood. In this study, we carried out to elucidate the structure
formation processes under shear flow using a sample with a different molecular weight by
using a viscoelasticity measuring apparatus, microscope with a high-speed camera and
synchrotron X-ray scattering. We could observe shish-kebab formation during shear flow in
the case of high molecular weight of isotactic polypropylene with high-speed camera in
Figure 1. At first 8 s, we could not observe any structure during shear flow. After 9 s the
elongated structures started to grow and increased with time. Elongated chains by shear flow
(above critical shear rate/strain) could promote shish structure and fully oriented stacked
lamellar crystals, kebab structure. On the other hands, it is difficult to find any oriented
structure in the case of low molecular weight of it. Therefore, we could find the shish-kebab
structure formation processes dependent on both shear flow condition and molecular weight
of polymer.
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Figure 1: Structure formation process of polarized optical micrographs with high speed camera.

References
[1] Hayashi Y, Matsuba G, Zhao Y, Nishida K, Kanaya T, Polymer, 50, 2095-2103 (2009).
[2] Zhao Y, Matsuba G, Hayasaka K, Ito H, Macromolecules, 46(1), 172-178 (2013).
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Determination of copolymerization reactivity ratios from chemical
composition distribution of ethylene/1-hexene copolymers
Anton Ginzburg
SABIC Europe B.V., Urmonderbaan 22, 6167 RD Geleen, The Netherlands

Analysis of chemical composition distribution (CCD) is crucial for a polymer material
development as well as for a catalyst development. With the advance of high-throughput
experimentation tools, often combined with quantitative structure-activity/property
relationship statistical (QSAR/QSPR) software tools, there is a strong need to have
descriptors of CCD. The presentation will describe an application of Stockmayer bivariate
distribution [1,2] in modeling experimental CCD of ethylene/1-hexene copolymers (C2C6)
generated by crystallization elution fractionation (CEF) [3]. An extracted parameter of the
Stockmayer distribution function βτ was used as CCD breadth descriptor. Combination of
solution viscosity detection along CEF separation allowed normalizing 𝛽𝜏 with respect to
the chain length and obtaining a real CCD breadth index (𝛽). We have further extended the
approach to an extraction of reactivity ratios, which were compared to the ones obtained via
conventional approaches. The method was validated using a series of C2C6 copolymers with
various intramolecular comonomer distributions. Furthermore, it was demonstrated that the
proposed algorithm was applicable to the CCD data generated via high-temperature twodimensional liqud chromatography (HT 2DLC) [4], in particular, when CEF failed to
generate reliable data.

References
[1] – W. Stockmayer, J Chem. Phys, 13, 199, (1945).
[2] – J. Soares, Macromol. Symp, 257, 1–12, (2007).
[3] – B. Monrabal, J. Sancho-Tello, N. Mayo, L. Romero, Macromol. Symp, 257, 71–79, (2007).
[4] – T. Macko, H. Pasch, Macromolecules, 42, 6063–6067, (2009).
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Transition to slalom chromatography for chitosan in size exclusion
chromatography
Yonggang Liu
State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of Applied Chemistry,
Chinese Academy of Sciences, Changchun 130022, China. Email: yonggang@ciac.ac.cn

Molar mass distribution of polymers is commonly measured by size exclusion
chromatography (SEC) with columns packed with micron-sized particles, and the separation
is based on a size-dependent partitioning of coiled polymer chains between the porous
particles and the mobile phase [1]. However, when SEC columns were used for the
separation of large DNA molecules, another separation mode of slalom chromatography
(SC) was observed with an elution order opposite to SEC [2, 3].
Here we report the chromatographic mode transition from SEC to SC for chitosan, a semiflexible polymer. The SEC → SC transition was observed for high molar mass chitosan
samples at sufficiently high flow rate, as shown by distortion of the high molar mass tail of
the distribution towards lower molar mass region (Figure 1). The critical size Rg,c for the
SEC → SC transition was determined and found to be in vicinity to the critical condition for
coil-stretch transition of polymer chains in elongational flow, i.e. with Weissenberg number
Wi on the order of 1 [4, 5]. SEC analysis of chitosan must be performed at flow rate
sufficiently low that the elongational rate in the column is less than the critical strain rate for
coil-stretch transition to occur for all species in the sample.

Figure 1: (a) SEC-MALLS chromatograms for chitosan with Mw = 427 kg/mol at different flow rates of 0.1,
0.2, 0.5, 1.0 and 1.5 mL/min. The black and red curves are RI and LS responses, respectively. (b) Schematic
illustration of the coil-stretch transition for polymer chains during flow through the packed-columns.
Acknowledgement
This work is support by the National Natural Science Foundation of China (21774125).
References
[1] A. M. Striegel, W. W. Yau, J. J. Kirkland, D. D. Bly, Modern size-exclusion liquid chromatography:
Practice of gel permeation and gel filtration chromatography. Hoboken: John Wiley & Sons (2009).
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Field-portable and miniaturized gas chromatography – A
promising technique for polyolefin research
Umesh B. Gadgoli, Arya Muhamad, Tej Pandit, Sara Sarrar, Enrico Sanares
Affiliation: Borouge Innovation, Innovation Centre, Abu Dhabi (UAE), Umesh.Gadgoli@borouge.com

Polyolefins are extremely diverse compounds either in chemical composition, properties or
potential applications. Several organic chemical compounds having significant vapour
pressures and easy to volatilize in the atmosphere termed as volatile organic compounds
(VOC’s) are known to get released during the life cycle of polyolefin products [1]. The
usefulness of polyolefins for the day to day human requirements and the rapid increase in
the use of the same for various applications, has led various regulatory agencies to impose
stringent VOC’s requirements to control the potential risks above certain threshold limits
associated with the VOC’s on human health and environment. Therefore, there is increasing
regulatory, OEM and consumer demands for more environmentally friendly low-VOC’s
polyolefin products. This has driven polyolefin researchers to pay more attention to
understand polyolefin properties with respect to VOC’s at different temperatures exposed
during its life cycle, effect of additivation, and effect of processing parameters. However,
current analytical techniques which are lab-based bench top instruments are not suitable for
such on field analysis to provide comprehensive information for better understanding.
Therefore, we have explored miniaturized GC [2] with its various detectors and accessories
as one such unique on-field analytical instrumentation technique that potentially provides
this critical information on the chemistry of VOC’s. Hence, the objective of this paper is to
present the utility of miniaturized GC for fast analysis of volatiles and the non-invasive
detection and identification of VOC’s emitted from polyolefin samples by directly analysing
them without the need of additional air sampling [3].

Figure 1: VOC’s and Organoleptic at various stages of polyolefin value creation process

References
[1] – Sara Panseri, Luca Maria Chiesa, Alfonso Zecconi, Gabriella Soncini and Ivano De Noni, Molecules
2014, 19, 8707-8724.
[2] – O.David Sparkman, J Am Soc Mass Spectrum 2000, 11, 468 – 471.
[3] – Alexei L. Makas, Mikhail L.Troshkov, Journal of Chromatography B, 800 (2004) 55–61.
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Improved analytical characterization of chemically modified hyaluronic
acid by enzymatic digestion followed by qNMR or High-Resolution LCMS analysis
A. Famili, K. Kurita, M. Goel
Affiliation: Small Molecule Analytical Chemistry, Genentech, Inc., South San Francisco, CA, USA
familia@gene.com

Hyaluronic acid (HA) is a natural biopolymer composed of an alternating disaccharide
structure of glucuronic acid and N-acetylglucosamine repeat units. Its use in pharmaceutical
applications has increased in recent years due to its ease of production, generally high
biocompatibility and the ease by which it can be chemically modified to suit a particular
application. Detailed analysis of chemically modified HA—either acting as a pharmaceutical
intermediate or final drug product—remains challenging due to the large size (typical molar
mass between 100 kDa and 1 MDa), high polydispersity (typical polydispersity index 1.4)
and stochastic, sparse nature of chemical modification (typical 5-50% of repeat units are
chemically altered). In this work, we describe a method for improved analytical
characterization of modified HA polymers. HA is first controllably digested via mammalian
or microbial enzymes into oligosaccharides of uniform length. The digestion products are
then analyzed by quantitative 1H NMR (qNMR), or high-resolution LC-MS using predetermined response factors for each digestion species. It was found that, compared to
analysis of intact modified HA, pre-digestion significantly improved the accuracy of NMRbased quantitation of HA chemical modification. Similarly, digestion and chromatographic
separation (example shown in Figure 1 for SEC separation) provided an orthogonal
technique for relative determination of unmodified and modified HA oligosaccharides. This
strategy was successfully applied to HA polymers chemically modified with a variety of
species including reactive small molecules and peptides.

Figure 1: Compared to intact HA analysis by SEC-MALS (left), SEC analysis of a digested HA-peptide
conjugate (right) affords separation of unmodified oligosaccharides (blue) and modified oligosaccharides
(red), permitting improved relative quantitation of these species.
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Cylindrically Confined α-phase Nanostructure in isotactic
Polypropylene
Yan Cao,1 Xingming Zeng,1 Hiroshi Jinnai,2 Shuailin Zhang,3,4 Nan Zheng,5 Masaki
Ageishi,2 Bernard Lotz,6 Stephen Z. D. Cheng3,4
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Understanding nanostructure of soft material like polymers etc. is the key to manipulate
the mechanical, optic, thermal and other physical properties in nanotechnology. Confinement
is one route to generate nanostructure via molecular self-assembly. In this research, we
studied cylindrically confined α-phase nanostructure in isotactic polypropylene (i-PP). The
α-phase nanocrystals under confinement have been examined by selected-area electron
diffraction (SAED) of transmission electron microscopy (TEM) and two-dimensional (2D)
wide-angle x-ray diffraction (WAXD) technique.
We have been engaged in “mixed” diffraction analysis via crosscheck “global” (x-ray)
and “local” (electron) difractions of confined rods. We first found out that the “mixed” 2D
WAXD patterns of i-PP nanorods were five sets of diffraction patterns superimposed
together. The corresponding nanostructure of i-PP in the rod long-axis can be described as
follows: 1. Chain tilt +100˚ in daughter crystals; 2. Chain tilt -100˚ in daughter crystals; 3.
Double chain tilt of daughter crystals with common c-axis; 4. α-phase crystals with a*-axis
orientation; 5. α-phase crystals with b*-axis orientation. Furthermore, for daughter crystal,
"+" or "-" repsents that the molecular chains are tilted clockwise or counterclockwise,
respectively.
In principle, with this cross check of TEM SAED and 2D WAXD technique, we could
open the door to reveal the structure details of soft nanomaterials by a combination of the
“global” and “local” diffractions.
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Synchrotron-based SAXS Analyses on Microheterogeneity in UV Cured
Poly(meth)acrylate System
B. Wu1,2 , D. Hermida-Merino1, A. Heise2
1
Department of Pharmaceutical and Medicinal Chemistry, Royal College of Surgeons in Ireland, 123 St.
Stephens Green, Dublin 2, Ireland; 2Dutch-Belgian Beamline (DUBBLE), ESRF - The European Synchrotron
Radiation Facility, CS 40220, 38043 Grenoble Cedex 9, France
bing.wu@rcsi.ie

PEG-based polyacrylate material, as one of the most used soft material, has been used in
various industrial ap plications like biomedical coating and tissue engineering. [1] While
UV-curing, due to its simple procedure and easy applicability, has been widely used in the
industrial production of polyacrylate gels. One of the shortcoming of implementing this
radiation-induced radical polymerization approach is the extensively presented micro-phaseseparation in the resulted materials. While Krzeminski et al. used AFM to study the
morphological heterogeneity in gels synthesized by similar oligomer diacrylates, and argued
the formation of rodlike ‘microgel’ (as shown in Figure 1) at the early stage of curing
procedure when the acrylate double bond conversion is still low. [2] Therefore, it is of great
interest to systematically probe microheterogeneity in these UV-cured polyacrylates via a
combination of different analytical approaches.
Small-angle scattering techniques are well-known for their applications in probing structural
heterogeneity on the scale from 10 to 104 Å. As shown in Figure 1, from the SAXS analyses,
two domains are clearly shown in the 50% cured PEG-polyacrylate gel, and with the
increasing of the curing degree, the size of the microgel domain increased. Meanwhile, the
recent analyses on systems with different monoacrylate ratio, also shows a shifting in the
size distribution of these microgel structure, which indicates the significant influence of
monoacrylate on the formation of microgel structure.

Figure 1: SAXS profile of 50% (left) and 75% (middle) cured PEG-polyacrylate gel, and a series of samples
with different monoacrylate HA ratio (right).

In this study, we used SAXS-WAXS to analyse the in-situ UV-curing of several
poly(meth)acrylates systems, the influence of the crosslink as well as the copolymer side
chain on the formation kinetics of the ‘microgel’ is discussed in correlation with NMR data.
References
[1] – F. Melchels, J. Feijen, D. Grijpma, Biomaterials 31, 6121 (2010).
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Correlation between the Traditional Technique of Expression
Methods about Black Lacquer and Microstructures with
Ultraviolet Irradiation
Yoshimi Kamiya
Canter for Cultural Resource Studies Kanazawa univ., Kakuma-machi Kanazawa-shi, Ishikawa-ken, Japan.
E-mail： y-kamiya@staff.kanazawa-u.ac.jp

Oriental lacquer, called urushi, is a natural polymer that has been in use since ancient
times. Recent studies have made it clear that oriental lacquer films are weak against
ultraviolet irradiation and that exposure to ultraviolet rays could cause these films to
deteriorate (e.g. loss in gloss, cracking might occur). There are many research data of
ultraviolet irradiation using samples of a glass plate coated with a single lacquer coating
film. So, we exposed a polished four-layer lacquer film to ultraviolet irradiation, and
quantified the deterioration of the lacquer films[1].
In contrast, the originally oriental lacquer sap is brown color. Therefore several
techniques to express blackness exist. However, these traditional expression methods were
not distinguished so far. The reason is because it can't be distinguished by a chemical
analysis.
In this study, it was tried to comprehensively understand the ultraviolet degradation
phenomenon of each traditional expression methods. As the result, it was discovered that
the degradation phenomenon of black lacquer film surface made by various kinds of
method had difference. When applying the Sugurome lacquer sap for topcoat, it was
suggested that the change of surface degradation phenomenon keep little.

Acknowledgments
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References
[1] Y. Kamiya, R. Lu, T. Kumamoto, T. Honda, T. Miyakoshi “Deterioration of surface structure of lacquer
films due to ultraviolet irradiation”, Surf. Int. Anal, 38(9), 1311 (2006).

− 51 −

Contributed Talks – Session: Separation, Synchrotron + Scattering, & Others

C8.4

Mechanical Property of Elastomers with Heterogeneous Structure
Based on Complex Network
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A description of mechanical properties of elastomers with heterogeneous network
structure is different from that of homogeneous structure. However, it is hard to describe the
mechanical properties due to a lack of a quantitative evaluation method of the heterogeneity.
In this presentation, we demonstrate mechanical properties of elastomers could be explained
with the network heterogeneity from the viewpoints of complex network [1].
Uniaxial elongation behaviours of elastomers were investigated by molecular
dynamic simulation. Diamond-like and randomly cross-linked elastomers were prepared as
homogeneous and heterogeneous networks, respectively. Polymer chains in the randomly
cross-linked elastomers were exchanged with distance conditions, as shown in Figure 1a.
Distance between cross-linking points D() was evaluated under the uniaxial elongations to
indicate the mechanical properties [2]. Closeness centrality of the elastomers Cc(0) was
estimated based on complex network, in which node and link were cross-linking point and
connected chain, respectively.
Figure 1b shows Mooney-Rivlin plots of diamond-like and randomly cross-linked
elastomers. Although the cross-linking densities of the all elastomers were unified, the
stresses clearly depended on the exchange conditions. The far condition showed high stresses,
and reached to an extended chain effect in the early stage. On the other hand, in near
condition, the stresses were lower and almost identical to the diamond-like networks,
indicating that the network structure of the heterogeneous networks affected the mechanical
properties. The plots of D() against Cc(0) showed clear correlation in the case of near
condition, meaning the contribution for stresses depended on the connectivity (Figure 1c).
These results indicated that the initial distance and the closeness centrality are significant
parameters to explain the mechanical properties of the heterogeneous elastomers.

Figure 1. a, Preparation of randomly cross-linked elastomers by chain exchanges. b, Mooney-Rivlin
plots of randomly cross-linked and diamond-like elastomers. c, Distance between cross-linking points
D() against closeness centrality Cc(0) of randomly cross-linked elastomers.
References
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Analysis and description of the higher order structures
of polymeric materials in meso scale
H. Morita, A. Miyamoto
Research Center for Computational Design of Advanced Functional Materials (CD-FMat),
National Institute of Advanced Industrial Science and Technology (AIST)
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The relationships between structures and properties are the most important points to
design the polymeric materials and many researchers have been studied these topics. When
we study them, the higher order structures of polymeric materials become the bottle neck to
understand those relations. This is because many polymeric materials take the nonequilibrium structure and those are not the most stable structure. The understanding and the
description of the higher order structure become one of the most important point to study the
polymeric materials.
We have been studied the higher order structure in meso scale using coarse-grained
simulations and compared our results with the images obtained by many kinds of
experiments, such as TEMT, X-ray CT, AFM, etc. Recently, we propose the descriptor of
the micro phase separated structure of thermoplastic elastomer (TPE) which is obtained by
coarse-grained molecular dynamics (CGMD) simulation with graph theory. Figure 1 is one
of the examples, and the CGMD simulation is based on the previous study [1] by Aoyagi et
al. In this graph, number of domain and existence of bridge chain between two domains are
described. In the description of these structure, the parameters must be included which will
be contributed to the properties to understand the relation between structures and properties.
Here, number of domain and bridge chain network will be contributed to the mechanical
strength of TPE and we choose these parameters in this descriptor. Using this descriptor, the
domain coalescences and breaks and the change of the bridge chain network in the expansion
process of TPE can be easily found. Graph will be one of the expression tools for higher
order structures, and the other mathematical tool will also become the descriptors or analysis
tools of these structures, and those are also be discussed.

Figure 1: Snapshot of the TPE structure on coarse-grained molecular dynamics simulation and its graph

This work is supported by JST CREST Grant Number JPMJCR17J4, Japan.
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Interfacial orientation change of partially fluorinated polymer
investigated by heterodyne-detected
vibrational sum frequency generation spectroscopy
O. Homma1, T. Miyajima1, R. Koguchi1, M. Okuno2, T. Ishibashi2
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2

Fluorinated polymers have been widely used for coating applications by utilizing surface
properties such as low surface free energy, excellent chemical and thermal stability. The
coating performance of fluorinated polymers strongly depends on orientations of fluoroalkyl
(Rf) chains on an interface. Therefore, it is important to get in-depth understanding on
environmental dependence of interfacial orientation of Rf chains to develop high
performance coatings.
Heterodyne-detected vibrational sum frequency generation (HD-VSFG) spectroscopy is a
valid method to determine a molecular orientation on an interface, in which both amplitude
and phase of the second order nonlinear susceptibilities ((2)) of molecules can be obtained.
Herein we investigated orientational states of Rf chains of a partially fluorinated acrylic
polymer under different environment by HD-VSFG spectroscopy.
We used a thin coating of partially fluorinated acrylic random copolymer shown in Figure
1 for HD-VSFG analysis. A sample under an environment simulating wet condition was
obtained by letting the sample surface come in contact with water for several minutes and
blowing off the water with N2 gas. Figure 2 shows the Im[(2)] spectra of the sample collected
in the SSP* polarization combination. A negative band was distinctly observed at 1370 cm1
in the sample before wetting. Our previous HD-VSFG study on air/poly(fluoroalkyl
acrylate) interfaces concluded that the 1370 cm–1 band is due to the C-C stretching coupled
with the C-F stretching of the terminal -CF3 group of Rf chains. Our study also showed that
a negative intensity of this band in an SSP spectrum corresponds to an orientation of Rf chain
almost perpendicular to the surface with the F atoms of the -CF3 group pointing up to the air
side. Compared to the sample before wetting, the signal became substantially weaker after
wetting. This observation indicates that the perpendicular orientation of Rf chains changed
to the random and/or parallel to the interface by wetting. In conclusion, HD-VSFG
spectroscopy successfully revealed the orientational change of surface Rf groups of a
partially fluorinated polymer in response to contact with water.
*S-polarized SF, S-polarized visible, and P-polarized IR fields, respectively

Figure 1: Molecular structure of the sample

Figure 2: [(2)] spectra of the sample before and after wetting
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Determination of Short Chain Branching (SCB) in Ultra High Molecular
Weight Polyethylene (UHMWPE) via FTIR
T. Langstraat1, P. Garg1, J. de Heer1, C. Melian1, J. Overdijk2, P. Tummers2
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Ultra high molecular weight polyethylene (UHMWPE) is a specialty polyolefin
characterised by excellent impact properties, extremely low ware rates and chemical
inertness [1]. These properties are exploited in many industrial applications including the
linings of chutes in the mining sector, technical parts, orthopaedic implants, fibres and
battery separators.
Alpha-olefin comonomers can be added during the polymerisation of UHMWPE to
introduce a limited amount of short chain branches (SCB) into the predominately linear
chains. This may be done in order to meet the desired mechanical property profile. An
accurate quantification of the comonomer content is desirable for characterising the products
and steering polymerisation recipes.
FTIR is a known method for determination of SCB in LLDPE and HDPE [2]. We show that
this method can be further applied to UHMWPE to detect low levels of SCB to a very good
accuracy provided proper measures are taken in the treatment of the spectra and in the
construction of the calibration against NMR.

Figure 1: Second Derivative FTIR Spectra of UHMWPEs.

A single PLS model was constructed which can distinguish comonomer type and content
enabling a fast and economical FTIR based method for material characterisation.
References
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Stability of non-ionic surfactants in cream products
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[Background]
Non-ionic surfactants are essential components for mixing oils and moisture in creams
used in cosmetic and pharmaceutical products. They are difficult to analyze since they are
composed of polymers with significantly complex distributions. Therefore, it has been
difficult to identify trends until now. Kendrick Mass Defects (KMD) analysis is known to
be a powerful tool for polymer analysis [1, 2]. Particularly, it can be used to investigate the
composition of non-ionic surfactants conveniently and in detail, both in complex products
as well as raw materials. In this study, we investigated the stability of non-ionic surfactants
in formulations which are actually distributed as products by applying this method.
[Method]
The products were suspended into the organic solvents (THF). A THAP was used for the
matrix. Spiral TOF JMS-S3000 (manufactured by JEOL Ltd.) was used as the measuring
device, and msRepeatFinder (manufactured by JEOL Ltd.) was used for the KMD analysis.
Stability tests were carried out on 42 products (commercially available external preparations
and cosmetics) at 40 degrees C. for 6 months, and the alteration of each KMD pattern was
observed in the term.
[Results and Discussions]
As a result, there are 9 products that changed the KMD pattern of the non-ionic surfactants
with PEG unit as a base unit, and they were divided into three groups (that is, at least three
types of degradation pathways were
identified).
Next, a stability test of polyethylene
glycol (40) monostearate (PEG(40) mSt, a
typical material in PEG-based non-ionic
surfactants) was carried out similarly
using a phosphate buffer. The result
corresponded reasonably well with the
results obtained from one of the
decomposition patterns of the three
groups. Furthermore, analysis of the
decomposition products suggested that it
was random cleavage and oxidation of the
PEG moiety (Figure 1). Other pathways Figure 1: Change in KMD pattern after stability test
will be also discussed in the presentation. of PEG (40)-mSt at 40℃ for 6 months in phosphate
buffer (pH 7.0).
References
[1] – Sato H, Nakamura S, Teramoto K, Sato T. J Am Soc Mass Spectrom. 25(8), 346 (2014)
[2] – T. Fouquet, H Shimada, K. Maeno, K. Ito, Y. Ozeki, S. Kitagawa, H. Ohtani and H. Sato, J. Oleo Sci.
66, 1061 (2017)

− 57 −

Poster Session

P04

Molecular characterization of high-molecular weight polymers
combining their on-plate degradation with a Kendrick mass defect
(KMD) analysis
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Matrix assisted laser desorption ionization high-resolution time-of-flight mass spectrometry
(MALDI HR TOF MS) is a powerful tool for the molecular characterization of polymers as
a key step for the development of new materials and their quality control. True accurate mass
measurements are possible below m/z 3000 which limits any confident compositional
analysis to the oligomeric components. Oligomers are sometimes detected in the original
sample but rarely reflect the actual composition in high-molecular weight species (e.g. byproducts of synthesis). Instead, we developed a simple pretreatment procedure which lowers
the molecular weight of samples down to the oligomeric mass range via an alkaline
degradation directly on the MALDI target plate, thus termed "on-plate degradation
pretreatment". This technique is proposed for the molecular characterization of highmolecular weight polyesters and industrial polycarbonates.
1. High molecular weight biodegradable polyesters
With a growing concern about the current environmental crisis, much attention has been
drawn to biopolyesters synthesized from renewable resources by microorganisms. MS-silent
at first due to its high-molecular weight, a poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
known as P(3HB-co-3HV) or PHBV has been submitted to the “on-plate degradation
pretreatment”. The on-plate scission of the ester bonds using a methanolic solution of sodium
hydroxide successfully released short oligomeric chains amenable to HR MS but also
generated several types of end-groups. The resulting complicated mass spectra were
processed by a Kendrick mass defect (KMD) analysis to graphically reveal the different
series. It was then possible to differentiate the terminations formed upon the pretreatment
from the original end-groups as well as to evaluate the co-monomeric composition of the
high-molecular weight copolyester.
2. High molecular weight polycarbonates
Although the backbone of polycarbonates is generally made of bisphenol A moieties (BPA),
additional modifications of the end-groups and/or a copolymerization with other comonomers is very common as it improves the physical properties of the materials. Their
molecular characterization is thus indispensable but difficult for the pristine samples. Instead,
high molecular weight polycarbonates were successfully turned into oligomers by the "onplate degradation pretreatment". The following HR MS analysis allowed the determination
of minor end groups for modified polymers and the detailed co-monomeric analysis for
brominated copolymers.
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NMR Study of Star Block Copolypeptide Hydrogel:
Influence of Block Size on Chain Dynamics and Water Diffusion
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Synthetic polymeric hydrogel have attracted huge attention due to their unique properties as
a 3D crosslinked network as well as their various applications in tissue engineering scaffolds
and bio-sensors.[1] Hydrogels with different functionalities have been synthesized from a
variety of biocompatible natural and synthetic polymers. Among them, polypeptides shows
excellent suitability for hydrogelating materials as they possess a number of desirable
properties. Hence, several recent studies have been focused on developing new type of
hydrogels using polypeptides. Among all the synthetic route for making polypeptides, the
N-carboxyanhydride (NCA) ring-opening polymerization (ROP) is regarded as a versatile
approach due to its facile nature and good control over the molecular weight. This process
allows the further development of hybrid polypeptide hydrogel system that can be easily
modified for biomedical application. Recently, we have reported the design of a series of
hydrogelating scaffolds from star block copolypeptides tethered to a dendritic core, which is
a nano-sized, radially symmetric molecules with well defined, homogeneous and
monodisperse structure consisting of tree-like arms or branch. In this study, we use NMR
diffusometry and relaxometry to analyze the water dynamics as well as the polymer chain
dynamics inside these star block hydrogel networks. It is found that the morphology of the
hydrogel changed when dendritic core becomes too large. The water self-diffusion
coefficient is no longer proportional to the hydrogelator’s Mw. These results are further
correlated to SAXS analyses on these systems.

Figure 1. (a) 1H NMR spectrum of star polymer; (b) 1H NMR T2 relaxation analyses of the star polymer; (c)
1H NMR T1 relaxation analyses of the star polymer; (d) 1H NMR diffusometry analyses of water inside the
hydrogel
References
[1] –D. Seliktar, Science 336, 6085 (2012).
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Effect of Chain Conformation on Forced-Induced Melting in Polymer
Single Crystals
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The characterization of the force-induced melting of semicrystalline polymer materials has
profound implications for understanding the mechanism of drawability and toughness
properties [1, 2, 3]. The relationship between the chain conformation and nanomechanical
properties is decidedly less clear [4] because distinguishing the force-induced melting from
other deformation behaviors is quite challenging. In this study, the atomic force microscopy
(AFM)-based single-molecule force spectroscopy (SMFS) was employed to investigate the
process of stretching single chains from polycaprolactone (PCL) and poly(L-lactic acid)
(PLLA) single crystals. As shown in Figure 1, the zigzag chain facilitates stick-slip motion
which causes larger force fluctuations; while the helical chain undergoes smooth motion,
resulting in small force fluctuations during force-induced melting. These results provide a
new principle to investigating single-molecule mechanical behaviors in polymer crystals and
new concepts to design semicrystalline polymer materials.

Figure 1. Single-molecule force spectroscopy experiments on the polymer single crystal with different chain
conformations (zigzag, green; helical, blue).
References
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Chemical Structure Analysis of
Organic Materials for Ceramics Using Mass Spectrometry
K. Kaneda, M. Sato, S. Nakanishi, H. Seki
KYOCERA Co. Analysis Center
email: kyosuke.kaneda.hs@kyocera.jp

Abstract
Various organic materials are used in making ceramics products. Their structural design is
determined according to manufacturing processes. Therefore, differences in the chemical
structure of organic materials affect the quality of products. However, detail information is
not written in safety data sheet (SDS) of raw materials. So, some user only evaluates basic
physical properties (ex. viscosity, molecular weight distribution etc...). Understanding
chemical structures is important for promoting development more efficiently. In this
presentation, we focus on dispersants and binders used in the ceramics manufacturing
processes. The sample used commercially available dispersant and binder. The dispersant
was measured by high resolution MALDI-TOF-MS. Structure is determined by Kendrick
mass defect (KMD) analysis [1]. The binder was measured by pyrolysis GC-MS. From the
analysis result of dispersant, we confirmed the periodic structures that is ethylene oxide (EO)
and propylene oxide (PO) (Figure 1). This information is not described in SDS. In this
presentation, we will present detailed analysis results of dispersant and binder.

44 Da

58 Da

Figure 1: Kendrick mass defect analysis of dispersant.
References
[1] - H. Sato et al., J. Am. Soc. Mass Spectrom., 25, 1346-1355 (2014).
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A mass spectrometry imaging method for visualizing synthetic polymers
by using average molecular weight and polydispersity as indices.
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Introduction
Matrix assisted laser desorption/ionization (MALDI) mass spectrometry is a powerful tool
for the analysis of synthetic polymers. This technique can determine molecular weight
distributions, which are often expressed as average molecular weight and polydispersity
indices. MALDI mass spectrometry imaging (MSI), which is most commonly applied to
biological applications, is typically used to visualize the location of target compounds on a
surface by extracting the mass images for specific molecular weights. In this report, we have
developed a MSI visualization method for synthetic polymers that uses average molecular
weight and polydispersity indices.
Methods
Polyethylene glycol (PEG), polypropylene glycol (PPG) and polyethylene glycol
monododecyl ether (PEG-C12H25 ) were dissolved in methanol to 10mg/mL. Afterwards, αCHCA matrix and NaTFA cationization agent solutions were mixed with the sample
solutions before spotting them onto the target plate. The first spot included PEG and PEGC12H25 in the ratio of 10:1 (v/v), and the second spot included PEG and PPG in the ratio of
10:1 (v/v). MALDI-MSI was performed over the area that included both spots. Mass spectra
and MSI data were acquired using a high mass-resolution MALDI time-of-flight mass
spectrometer (JMS-S3000, JEOL Ltd.) with a spiral ion optical system. The laser was a
Nd:YLF solid-state laser (349 nm) and laser spot diameter adjusted to 20 µm.
Results and discussion
To visualize the spatial distribution of the polymers series, the total intensity (Int), the
number average molecular weight (Mn), the weight average molecular weight (Mw), and
polydispersity index (PD) were calculated for each pixel by following steps. (i) The peak list
is made from the averaged mass spectrum. (ii) Searched polymers series in the peak list and
grouped them into polymer series peak lists. The Kendrick mass defect (KMD) analysis is
used in this step. (iii) The mass images are extracted from the MALDI-MSI data according
to the polymer series peak lists. (iv) The values of Int, Mn, Mw and PD for each polymer
series are calculated for each pixel. In the MSI measurement for sample described above, the
total number of peaks assigned to PEG, PPG and PEG-C12H25 series were about 250. The
extracted mass images based on these 250 peaks were integrated to twelve images, i.e. four
images for PEG, PPG and PEG-C12H25 in each. By doing this, the spatial distributions for
the each polymer series were much easier to overview in the images. These results show that
this approach to MALDI-MSI will be advantageous for visualizing synthetic polymers
mixture on sample surface, especially for minor polymer components. In the presentation,
the MALDI-MSI measurement on degraded polymers using ultraviolet lays, where the
polymer distribution and end-group have been changed, were also analyzed.
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Evolution profiles of oligomers formed during heating process of thermal
desorption/pyrolysis-DART-MS measurements
Hiroaki Sato1, Sayaka Nakamura1, Chikako Takei2, Ken-ichi Yoshizawa2
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Direct Analysis in Real Time (DART) mass spectrometry (MS) is a type of ambient
ionization mass spectrometry enabling the rapid analysis of volatile samples. To expand the
application of DART-MS to the characterization of polymeric materials, a small
programmed heating device evolving volatile monomeric or oligomeric molecules via
thermal desorption or pyrolysis (TDP) has been developed (ionRocket®, Biochromato).
When a solid-state polymeric sample is heated by the device placed between DART
ionization source and mass spectrometer, evolution profiles of oligomeric products can be
monitored by mass spectrometer in real time. TDP-DART-MS can detect a trace amount of
volatile oligomers originally contained in a sample or pyrolysis products of high molecular
weight component. The observed mass spectra would provide molecular structure
information such as terminal groups and copolymer composition. In order to clarify the
properties of the oligomers observed by TDP-DART-MS, we investigated the upper limit of
the molecular weight of volatile oligomers observed during the heating process and the
oligomers formed by partial thermal decomposition.
TDP profiles of polystyrene (PS) and poly(methyl methacrylate) (PMMA) were
investigated. These samples were size exclusion chromatography (SEC) standards with
known average molecular weight and narrow molecular weight distribution. About 0.5 mg
of the sample placed in a copper sample cup was heated from room temperature up to 600
C at a rate of 100 C/min, and resulting volatile oligomers were observed by a Q-TOF mass
spectrometer. In both cases, volatile intact oligomers up to MW ca. 1000 were observed as
[M + NH4]+. For higher molecular weight samples, oligomeric products resulting from
partial pyrolysis were observed. The same phenomenon was also observed for poly(αmethylstyrene) (PαMS), which is highly depolymerizable polymers. These results are in
contrast to the fact that monomers are observed from these polymers mainly in pyrolysis gas
chromatography. Oligomers formed by cleavage of molecular chains would be vaporized
and rapidly cooled by gas flow at DART ionization. Therefore, TDP-DART can observe
oligomeric products without undergoing any further thermal decomposition.
In conclusion, TDP-DART-MS is able to observe oligomers containing chemical
structural information such as end groups even with depolymerizable polymers by thermal
desorption or partial thermal decomposition under ambient conditions. Thus, TDP-DARTMS is a practical molecular characterization technique that enables in situ analysis of various
polymer materials.
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Dynamic nanofishing of single polymer chains
using atomic force microscope
K Shiomi, X Liang, K Nakajima
Department of Chemical Science and Engineering, Tokyo Institute of Technology, Japan
kshiomi@polymer.titech.ac.jp

The mechanical properties of single polymer chains are the basis of most theories of polymer
physics. Methods of experimentally charactering the behavior of polymer chains include
neutron diffraction and light scattering, while these techniques measure the average value of
many molecules and cannot achieve a single molecular level study. Therefore, we conducted
the measurement of the mechanical properties for a single polymer chain using a technique
called nanofishing based on atomic force microscope (AFM). When nanofishing of a single
polymer chain is performed with imposing an external vibration to AFM cantilever, called
dynamic nanofishing, changes in the oscillatory amplitude and the phase shift were measured
and obtain the dynamic characteristics of a single polymer chain. However, when the
measurement noise was large, it was difficult to accurately measure the viscoelasticity of a
single polymer chain in a low-elongation region. Therefore, we elaborated the noise
reduction of the dynamic nanofishing measurement to improve the viscoelasticity
measurement of a single polymer chain.
Figure 1 shows the logarithmic plot of the elasticity 𝑘2 and viscosity 𝜂2 of single
polystyrene chains against the degree of polymerization 𝑁 in toluene obtained by dynamic
nanofishing. The slope of the approximate straight line was 𝑘2 ∝ 𝑁 −0.98±0.23 , 𝜂2 ∝
𝑁 0.98±0.27. That is, the longer the molecular chain, the smaller 𝑘2 and the larger 𝜂2 . The
theoretical Rouse model that explain the ideal chain viscoelasticity predict, 𝑘2 ∝ 𝑁 −1 , 𝜂2 ∝
𝑁1 . Therefore, it was found that the tendency of the obtained elasticity and viscosity of single
polymer chain to the degree of polymerization was consistent with the case of the Rouse
model predictions.
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Nano-palpation AFM Application of Investigation on Thermoplastic
Vulcanizates Materials
M.E. Gunawan, X. Liang, and K. Nakajima
Department of Chemical Science and Engineering Tokyo Institute of Technology, Japan
mgunawan@polymer.titech.ac.jp

Thermoplastic vulcanizates (TPV) based on the PP/EPDM blend have been broadly
implemented in industry due to its beneficial properties. This is also the reason why further
improvement of its performance continue to be done. A previous research to investigate the
nanoscale mechanical properties of TPV using nano-palpation atomic force microscope
(AFM) reported that softer PP matrix was generated from the association between occluded
rubber and PP itself [1].
The materials of TPV based on PP/EPDM blends were used in this study. There are four
variation of compositions which defined different hardness properties. The main focus which
distinguishes these samples associated with its ratio composition and the presence of carbon
black. AFM measurement is done using Bruker (Bruker AXS, USA) and cantilever type
OMCL-AC240TS-R3 (Olympus, Japan). The method itself including Tapping Mode, Force
Volume Mode, and PeakForce QNM Mode.
Figure 1 shows the Young’s Moduli Map of
samples by JKR contact mechanics where the
lowest (Shore 40A >) and the highest (Shore 70A
<) hardness level are compared. From both
samples, a similar tendency can be observed. The
red color part shows a low value of Young’s
Modulus while the blue color part shows a high one. (a)
Therefore, it can be understood that the red part
represents the EPDM rich region while the blue part
represents the PP rich region.
The result is a preliminary of the current
experiment series. Further development regarding
the measurement using Force Volume Mode and
QNM Mode will be performed on highest hardness (b)
level. It will be done to fulfill the following Figure 1. The Force-Volume mode images
objectives: 1) To understand the correlation of of PP/EPDM samples. (a) the lowest
hardness level sample and (b) the highest
certain composition on the microscopical hardness level one.
measurement and macroscopic stress-strain
relationship. 2) To understand the characteristic of
each component within the sample (PP rich region,
EPDM rich region, and boundaries between them.)
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AFM Nanomechanics on Fibrous Filler-Reinforced Rubber Composite
under Uniaxial Stretching
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It is well known that the reinforcement by one-dimensional fillers, such as carbon nanotube
(CNT), dramatically improves the mechanical properties of rubbery materials. Noguchi et
al. proposed the mechanism called as “cellulation effect [1]”, where three-dimensional CNT
network incorporated with interfacial region divide the rubber matrix into small units and
therefor the rubber matrix is confined into the cellular structure. In recent years, cellulose
nanofibers (CNF), which are biomass materials, have also attracted attention, particularly
for a sustainable society. Numerous attempts have been made to date for making use of CNF
as fillers for rubbers as well as for plastics. To elucidate the reinforcement mechanisms by
these fibrous fillers, the change in local mechanical properties of hydrogenated nitrile rubber
(HNBR) reinforced with each filler in elongated state was analyzed by nano-palpation
atomic force microscope (AFM) [2].
In the case of HNBR filled with 5 phr CNT, imperfect cellulation condition, the local
stress measured by AFM was higher in rubber-rich regions and lower in CNT-rich regions
upon stretch (Figure 1). We speculate the reason as follows: The soft matrix rubber was
3.0
3.0
primarily
stretched and showed higher stress, while
CNTs were oriented along the stretch
direction
met relaxation due to the structural collapse.
2.5 and rubbers inside the CNT-rich region2.5
8.5
The reinforcing mechanism changed in 208.5 phr filled system, perfect cellulation condition.
It
2.0
2.0
8.0
8.0
was considered that CNT together with its interface formed a stress network, which
dominated
the high stress of the whole. We
discuss the different situation 7.5
for CNF1.5
7.5 will also
1.5
reinforced HNBR at the site. This research
was supported by grants from the Project
of the
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Fig.2) JKR modulus maps of samples filled with 5 phr CNT. a) unelongated,
b) under 200 % elongation.
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Figure 1) AFM image of HNBR filled with 5 phr CNT under 200 %
elongation.
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Figure 1: AFM image
of HNBR
filledb)with
phr CNT under 200 % elongation. A) Height, b) JKR modulus.

− 66 −

Poster Session

P13

Morphological Characterization of Polymer Membranes Using
Transmission Electron Microscopy, Scanning Electron Microscopy,
Scanning Force Microscopy, and Optical Microscopy
Clarissa Abetz1, Md. Mushfequr Rahman1, Jiali Wang1, Zhenzhen Zhang1, Volker Abetz1,2
1

Helmholtz-Zentrum Geesthacht, Institute of Polymer Research,
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Block Copolymers are interesting materials for many applications with separation
membranes being one of them. Their ability to microphase separate into domains of different
chemical compositions on a mesoscopic length scale offers the possibility to design
membrane materials suitable for very different separation tasks, such as dense gas separation
and porous ultrafiltration of liquids containing solutes of a colloidal size. Obviously the
morphology of these membranes is an important property which must be known when
seeking for structure property relationships of such membranes.
In this contribution we report on microscopical investigations of a gas separation membrane
prepared from a multiblock copolymer containing one hard block component and one
semicrystalline soft block component, with the letter one being very selective for the
permeation of carbon dioxide. The temperature dependent gas permeation properties are also
depending on the thickness of the membrane, as the melting temperature is affected by the
membrane thickness in these dense membranes [1].
Integral asymmetric isoporous membranes obtained from diblock copolymers by the socalled non-solvent induced phase separation are under study since a decade and there are
several features which are important. Among them the pore size, the cross section and the
composition of the pores are the most important parameters, especially when the membrane
was subjected to postfunctionalisation treatments [2,3].
References
[1] – Md.M. Rahman, C. Abetz, S. Shishatskiy, J. Martin, A.J. Müller, V. Abetz,
ACS Appl. Mater. Interfaces 10, 26733 (2018).
[2] – J. Wang, Md.M. Rahman, C. Abetz, S. Rangou, Z. Zhang, V. Abetz,
Macromol. Rapid Commun. 39, 1800729 (2018).
[3] – Z. Zhang, Md.M. Rahman, C. Abetz, B. Bajer, J. Wang, V. Abetz,
Macromol. Rapid Commun. 40, 1800729 (2019).
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Frequency dependence of rubber viscoelastic properties investigated by
atomic force microscope nanomechanics
K. Sekine , M. Ito , X. Liang , K. Nakajima
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In physical property measurements by conventional atomic force microscope (AFM), the
driving frequency of the probe motion was restricted. In a mode such as ForceVolume mode,
the AFM scanner moves up and down at low frequency around 10 Hz or less. In the tapping
mode the AFM cantilever vibrates at high frequency of several tens to several hundreds kHz.
However, in recent years, the development of AFM devices focusing on this point has made
it possible to measure in the frequency range in between. Therefore, the frequency
dependence of nanoscale viscoelasticity is examined to find the relationship with the bulk
properties, with using elastic and viscoelastic rubbers, the latter of which exhibits large
changes in physical properties at the frequency range.
Figure 1 shows a graph of elastic modulus
versus frequency for elastic and viscoelastic
rubbers. The frequency here is not the drive
frequency of the AFM scanner, but calculated
from the reciprocal of the contact time between
the probe and the sample. It can be seen that the
modulus increases as the frequency increases for
viscoelastic rubber, while the elastic one has a Figure 1: Frequency dependence of moduli
substantially constant elastic modulus regardless
of elastic and viscoelastic rubbers
of the frequency change. Figure 2 shows a graph
of elastic modulus versus frequency obtained with
AFM and DMA of the viscoelastic rubber. The
AFM results show the same behavior as the DMA
results, but always have lower elastic moduli. It is
considered that this is because the elastic modulus
obtained by AFM considers only the rubber
component for which JKR analysis is effective,
Figure 2: Frequency dependence of moduli
and does not consider the hard filler component
of viscoelastic rubber acquired by AFM
which is actually loaded in the specimen.
and DMA
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LDI-MS imaging of stabilizers in polymer materials using Desorption
Ionization Using Through Hole Alumina MEmbrane (DIUTHAME)
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Recently, mass spectrometry (MS) imaging has emerged as a valuable technique to
visualize the distributions of some specific components in the sample materials. Matrix
assisted laser desorption/ionization (MALDI) combined with MS (MALDI-MS) imaging is
mainly utilized for biological samples such as tissue slices. However, MALDI-MS imaging
has been less applied to characterize synthetic polymer materials. Recently, we tried to
observe MALDI-MS imaging of hindered amine light stabilizers (HALS) in polypropylene
(PP). However, it was found to be not a easy task to obtain specific MALDI-MS image of
HALS components in the PP samples, mainly because of the difficulty in uniform application
of the matrix reagent on the sample surface.
Surface assisted laser desorption ionization (SALDI)-MS imaging should be an effective
and alternative option to obtain clearer MS image, in which the matrix application process
is unnecessary. As a novel SALDI substrate, Desorption Ionization Using Through Hole
Alumina Membrane (DIUTHAME) has been developed lately. In this work, we tried to
visualize the distribution of HALS in PP samples by LDI-MS imaging using DIUTHAME.
A sheet of DIUTHAME (18 mmϕ) was put on a piece of PP film sample (ca. 30 m
thickness) containing a oligomeric type HALS (Adekastab LA-68, of which structure is
shown in Figure 1) set on an aluminum plate. A 1 mg/mL methanol solution of sodium iodide
was splayed on DIUTHAME to extract the HALS component into the through holes (100
nm) of DIUTHAME and then subjected to LDI-MS imaging using a high-resolution timeof-flight MS (Jeol JMS S3000).
Figure 2 shows the LDI-MS image using DIUTHAME of a PP film sample containing 5
wt% of the HALS observed for a main component of LA-68 at m/z 829, in which the HALS
on the PP film sample is visualized. PP film samples containing various amounts of LA-68
were then aligned on the plate and the MS image reflecting the difference in HALS content
was observed. Furthermore, the structural change of LA-68 in PP film after UV irradiation
was studied by LDI-MS imaging focusing on the oxidized HALS component.
LA-68 component
m/z 829.1458
PP sheet

Figure 1 Oligomeric HALS used in this work

<measurement condition>
・range of measurement
6.75 mm×5.75 mm
・resolution
0.25 mm

Figure 2 LDI-MS image of HALS in PP film sample
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Polyimide film characterization with chemical and physical analysis
Nobutake Sato1, Toshifumi Miyawaki1, Erica Oh2, Alex Moon2, Yasuo Asami3,
1

Nihon Waters K.K., 2Waters Korea LTD, 3TA Instruments Japan Inc. Nobutake_Sato@waters.com

Polyimide, an engineering plastic, is a polymer compound having feature such as high heat
resistance, tensile strength, flexural modulus and electrical insulation, so there are products
customized for various usage such as forming into a film, flexible OLED display material,
flexible printed circuit. The general production method is to imidize polyamic acid of
precursor by heat treatment. The precursor polyamic acid is soluble in organic solvents, but
not the resulting polyimide, hence only technologies that can measure solid samples can be
applied after imidization. There are several techniques that can evaluate the material, such
as molecular weight distribution of precursor with GPC(Gel Permeation Chromatography),
surface and outer layer analysis of product with direct Mass Spectrometry, structural
elucidation of base polymer by pyrolysis, physical property testing with DMA(Dynamic
Mechanical Analysis) and DSC(Differential Scanning Calorimetry).
To advance the development of materials for specific functions, such as being used under
more severe conditions, it is important to grasp the physical properties more precisely and
accurately. The knowledge of how the material will behave through this testing can be
correlated with why at the molecular level as described above. In this study, to evaluate
correlation between chemical and physical property, control sample and sample treated with
NMP are measured with diverse analytical techniques as follows.
Polyamic acid

Surface analysis

Molecular weight distribution
Stress

Heat Flow

O

H3C

N

O

N

R
CH3

Temp

Strain

Polyimide

Physical Property

O

O

n

Base polymer structure

Figure 1: Polyimide film analysis with chemical and physical testing techniques.

1) Molecular weight distribution of polyamic acid with advanced GPC
2) Surface analysis of polyimide film with DESI-QTof (Desorption Electro Spray Ionization)
3) Structural elucidation of base polyimide with Pyrolyzer-APGC-QTof (Atmospheric
Pressure Gas Chromatography)
4) Physical properties with high performance DSC, TGA and DMA
References
[1] – Yoshio IMAI, Structure-Property Relationship in Polyimides, Journal of the Japan Institute of
Electronics Packaging, Vol.4, No.7 (2001)
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The cryogenic transmission electron microscopy for structural
observation of ionomer in catalyst ink for polymer electrolyte fuel cell
H. Sugimori1, T. Terao1, M. Koga2, H. Matsumoto2, S. Uemura2, T. Sasabe2 and S. Hirai2
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Polymer electrolyte fuel cells (PEFCs) have recently received considerable attention as a
next-generation power source. The catalyst layer (CL) of the PEFC consists from the carbon
supported platinum nanoparticle (Pt/C) and a perfluorinated ionomer. They are fabricated by
drying of “catalyst ink” containing Pt/C, ionomer, and mixed solvents of water and alcohol
[1]. The structural differences in the catalyst ink influences to the performance of CLs in
PEFCs [2]. Though many research activities have been reported on nanostructures in the
catalyst ink, the solvent effect in the dispersion of the catalyst ink is still not clear. In this
study, we demonstrated the direct observations of the nanostructures in the catalyst inks with
various solvent composition by cryogenic transmission electron microscopy (cryo-TEM).
The catalyst ink was prepared by blending a
Pt/C catalyst, ionomer (Nafion®) and solvents
(water/ethanol=1:1 in volume ratio). The solid
content of the catalyst ink was 10 wt.%, and
the weight ratio of ionomer to carbon ratio was
0.75. The catalyst ink was frozen using the iceembedding technique for the cryo-TEM. CryoTEM observations were carried out on a JEMARM300F (JEOL Ltd., Japan) instrument
operating at 300 kV, using low-dose
conditions (~8 e-/Å2).
The cryo-TEM image of the catalyst ink is
shown in Fig. 1. The brighter region
corresponds to the frozen solvents, the darker
particles correspond to the Pt/C catalyst
nanoparticles, respectively. The Pt/C particles
formed the several hundred nanometers size
agglomerates in the catalyst ink. The further
nanostructural investigations of the catalyst
ink using cryo-TEM are now in progress.

Figure 1: The cryo-TEM micrograph of the PEFC
catalyst ink. The inset corresponds to the
magnified image of the area indicated by the white
rectangle. White arrows indicate the diameter of
the ionomer

This presentation is based on results obtained from the PEMFC Research and Development
Program commissioned by the New Energy and Industrial Technology Development
Organization (NEDO).
References
[1] - H. Sugimori et al., ECS Trans., 80, 253 (2017).
[2] –R. Balu et al., ACS Appl. Mater. Interfaces, 11, 10, 9934–9946, 2019
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Fracture Process in Silica-dispersed Rubber
studied by Transmission Electron Microscopy
T. Nagao, T. Miyata, H. Jinnai
IMRAM, Tohoku Univ., tomohiko.nagao.p8@dc.tohoku.ac.jp

In recent years, materials where inorganic nanoparticles are dispersed in polymer matrix
have attracted attention to improve mechanical and thermal properties. Rubber compounds
used in automobile tires are a typical example. Nanoparticles, e.g., carbon black and silica
nanoparticles, improves tire performances, such as wear resistance, wet grip performance
and rolling resistance. It is required to understand the fracture mechanisms of tire, which is
composed of rubber and dispersed nanoparticles, to develop longer-life tires. However,
because it is difficult to directly observe fracture processes at nanoscales, crack generation
and propagation mechanisms in the rubber compounds are not well understood. Therefore,
in this study, mechanisms of void formation and crack propagation in silica-dispersed rubber
are investigated at nanoscales using transmission electron
Tension
Sample
microscopy (TEM) and a tensile holder [1].
Move
Isoprene rubber (IR) where 30 PHR silica particles are
Tension
dispersed was used. A thin film (thickness: 100 nm) was
sliced out with cryomicrotomy, and then placed on the slit Fig. 1 Image of a tensile cartridge.
ε = 0 (b)
ε = 0.70
of a cartridge for tensile TEM observation (Fig. 1). The (a)
tensile behavior of the sample was continuously observed
using a TEM (JEM-2200FS, JEOL Ltd., acc. volt.: 200 kV).
The tensile strain rate was set to 0.0029 /s.
Fig. 2 (a, b) is TEM images of the silica-dispersed IR sample.
These images correspond to tensile strain ε = 0 and 0.70, Fig. 2 TEM images of the stretching
of silica-dispersed IR. Tensile
respectively. The sample was stretched in the longitudinal process
strain ε is (a) 0 and (b) 0.70.
direction. The black contrasts in the images are silica
ε = 0.70
nanoparticles. The tensile strain was calculated from the
distance between the two particles indicated by white arrows
in the images. Fig. 3 shows an enlarged image of the boxed
area in Fig. 2 (b). In this figure, voids are observed at
interfaces between the silica particles and rubber while no
Void
voids are found in the rubber matrix. This indicates that voids
are likely to occur at interfaces between the silica particles
and rubber due to their week adhesion and/or stress
concentration. Such voids are expected to become cracks. We
will report observation results of crack propagation in the Fig. 3 Enlarged image of the white
box in Fig. 2(b).
same sample.
This sample was provided by K. Akutagawa of Bridgestone Corporation. Part of this
experiment was conducted with the support of the Impulsing Paradigm Change through
Disruptive Technologies Program (ImPACT)
Reference
[1] T. Higuchi et al., Microscopy, 67, 296 (2018).
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New Ultra-microtome for SEM array tomography
Ayumi Ishihara, Yoshiko Ito
Leica Microsystems K.K., ayumi.ishihara@leica-microsystems.co.jp

For morphological study of polymers, the observation of ultra-thin section with transmission
electron microscope (TEM) has been widely used. This method has strongly contributed to
improving their function. [1] However, in this method, generally, only a few hundred μm
square and a range of about 100 nm thick can be observed.
In these days, the improvement of scanning electron microscope (SEM) and their detector
enabled imaging with resolution close to that of a TEM. Therefore, SEM continuous crosssectional observation method of acquiring continuous tomographic images with SEM and
reconstructing three dimensions is widely used in the biological study. Although it contains
several methods [2], array tomography observing continuous ultrathin sections prepared with
an ultramicrotome is an easy-to-introduce technique that can need only a ultramicrotome and
a SEM [3]. On the other hand, there has been a drawback that advanced techniques are
required for preparation and collection of serial sections. To solve this, Leica Microsystems
launched new ultramicrotome, which automatically makes and collects high quality serial
sections with high throughput by a new collection method.
In this presentation, we will introduce the ARTOS 3D method and its application example
for polymers.

Figure 1: ARTOS 3D (Left) and its collection method of serial sections (Right).

References
[1] - H. Sano and T. Komoto, J. Electron Microsc 32, 2 (1997)
[2] – C.J. Peddie, L.M. Collinson, Micron 61 (2014)
[3] – D. Koga, T. Ushiki, T. Watanabe, Anat Sci Int. 92, 1 (2017)
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Tensile observation of fracture paths at rubber-brass adhesive interfaces
using transmission electron microscopy
Katsunori Shimizu1,2, Tomohiro Miyata2, Tomohiko Nagao2,
Akemi Kumagai2, Hiroshi Jinnai2
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The present work reveals the relationships between the structures at polymer-inorganic
interfaces and fracture paths by in-situ observation with transmission electron microscopy
(TEM). The adhesive interfaces between the brass-coated wires and rubber matrix found in
automobile tires are investigated. The adhesive interfaces show layered structures formed by
vulcanization. TEM tensile observation results are shown in Fig.1. These results reveal that,
while the adhesive interfaces formed under optimum condition fractures along inorganic
layer-rubber interfaces, those formed with prolonged vulcanization time shows fracture in
inorganic layers. This degradation of inorganic layers is attributed to the depletion of the
constituent elements in the inorganic layers due to their outward diffusion during the long
vulcanization. These results directly clarify that the fracture mechanisms and resulting
strength of interfacial adhesion depend on the structures at the adhesive interfaces.

Figure 1: The structures and fracture paths at the adhesive interfaces formed
with different vulcanization time (10 and 50 min).
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Visualization of matrix-filler interaction of polypropylene composite
containing silica particles by two-dimensional disrelation mapping
R. Watanabe, A. Sugahara, H. Hagihara, H. Sato, J. Mizukado and H. Shinzawa
Research Institute for Sustainable Chemistry, National Institute of Advanced Industrial Science and
Technology (AIST), Central 5, 1-1-1 Higashi, 305-8565, Tsukuba, JAPAN
E-mail: r.watanabe@aist.go.jp

Polymer composites containing inorganic fillers shows improved properties over the original
polymers. The interaction between matrix and filler is one of the important factors which
influence the properties of the composites. However, there is still lack of technique which
can display the region and state of the interaction between polymer matrices and inorganic
fillers in a visually intuitive manner.
It was recently found that the disrelation mapping based on the IR microscopic analysis can
provide information on the region of specific interactions between components of polymer
blends and living cells1,2. We suppose that the mapping technique is promising for visualized
analysis of the region and state of the matrix-filler interaction of polymer composites with
inorganic fillers.
In this study, we apply the IR microscopic analysis using the disrelation mapping to a
visualized mapping of the matrix-filler interaction of a composite of maleic anhydridemodified polypropylene (PPMA)/a silica particle (SS) (Fig. 1). A disrelation spectrum
arising from the IR spectra extracted from the special location in Fig. 1a indicates that the
spectral absorbance at 1715 and 1695 cm-1 varies out of phase with each other within the
local spatial area. The band located at 1715 cm-1 is assigned to C=O of PPMA (Fig. 1b). On
the other hand, the band at 1695 cm-1 can be assigned to C=O peak-shifted by interaction.
The disrelation intensity is developed around the boundary between PPMA and SS,
suggesting the formation of hydrogen bonding interaction between the C=O species and SiOH at the interface (Fig. 1c). Furthermore, we investigate the interaction of polypropylene
(PP)/SS composite containing PPMA as a compatibilizer and discuss the relationship
between interaction and mechanical properties of the composite.

Figure 1: IR microscopic analysis of the PPMA/SS composite; (a) optical image, (b) disrelation
spectrum and (c) disrelation map. The SS content is 30 wt%.
References
[1] H. Shinzawa, J. Mizukado, S. G. Kazarian, Appl. Spectrosc. 71, 1189 (2017)
[2] H. Shinzawa, B. Turner, J. Mizukado, S. G. Kazarian, Analyst 142, 2475 (2017).
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Adsorption states of polymer chains on nanoparticles: atomic-scale
observation with electron microscopy
T. Miyata, H. Jinnai
Institute of Multidisciplinary Research for Advanced Materials, Tohoku University
tomohiro.miyata.d7@tohoku.ac.jp

Industrial polymers are strengthened by adding inorganic nanoparticles, e.g.,
automobile tires with silica and carbon black nanoparticles. For such polymer-nanoparticle
composites, interfaces between polymer and nanoparticles affect material properties due to
the high surface-to-volume ratio of nanoparticles. Especially, polymer-nanoparticle
interfaces are directly involved in crack generation and propagation. Therefore,
understanding the polymer adsorption states at molecular and atomic-scales is essential to
develop high-performance materials. Real-space observation is effective to know local
structures, so that the direct observation of polymer chain conformations and dynamics at
adsorptive interfaces have been strongly desired.
Transmission electron microscopy (TEM) is the only atomic-resolution observation
method for polymer-chain conformations adsorbed to nanoparticles. However, because
polymers are naturally with low contrast for electrons due to their light-elemental
compositions and they are electron beam sensitive materials, TEM observation of polymerchain conformations has not been achieved yet.
The annular dark-field scanning transmission electron microscopy (ADF-STEM) has
higher atomic-number dependency and thus allows us to identify the positions of heavy
atoms with less difficulty compared with the conventional TEM. ADF-STEM has been used
to observe heavy atoms in organic materials (ionic liquids [1,2]) as well as inorganic ones.
In this study, we have challenged the direct observation of polymer-chain
conformations on nanoparticles by using ADF-STEM and labelled polymers with heavy
atoms. As the labelled polymer, poly(4-iodostyrene), that is iodine-labelled polystyrene, was
purchased (Scientific Polymer Products, Inc., Mw = ~400,000), whose molecular structure
is shown in Fig. 1(a). The atomic number of iodine (53) is much larger than those of the
other constituent elements (H, C), making the iodine atoms imaged brighter with ADFSTEM; a schematic is shown in Fig. 1(b), where the black line and yellow circles correspond
to the polymer chain and iodine atoms, respectively. We will report ADF-STEM images of
polymer conformations adsorbed to nanoparticles and discuss the origin of the
conformations.

Figure 1: (a) molecular structure of poly(4-iodostyrene). (b) Schematic of a polymer chain observed with
ADF-STEM.
References
[1] T. Miyata, F. Uesugi and T. Mizoguchi, Science Advances 3, e1701546 (2017).
[2] T. Miyata and T. Mizoguchi, Microscopy 67, i162 (2018).

− 76 −

Poster Session

P23

AFM analysis of nanomechanical properties of Nafion electrolyte
membrane used in fuel cell
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Tapping mode atomic force microscopy (AFM) is a way to avoid sample damage by
oscillating the tip above the surface, in which the phase contrast gives a qualitative map of
the relation between elastic and dissipative responses. Phase images of Nafion membranes
which are commonly used as proton conducting membranes in fuel cells show contrast by
microphase separation between soft hydrophilic and stiff hydrophobic domains [1-2].
However, to improve the performance and durability of the membranes in fuel cells, a more
quantitative nanomechanical imaging method is required to elucidate the microphase
separation structure and their changes by chemical and mechanical degradation.
We applied the bimodal imaging method with an additional resonance mode driven
simultaneously: The first resonance provides the loss tangent and the topographic images by
amplitude modulation (AM) and the second resonance provides the elastic modulus image
by frequency modulation (FM) [3-4]. The images were obtained using AFM (Cypher ES,
Oxford Instruments) at 30°C under RH40%. Adhesion effect of tip/surface was reduced
using a diamond tip AD40SS and a cantilever (back side gold coated) was photothermally
excited [5] by blueDriveTM to make the tapping mode more stable and more quantitative.
Thin slices of cross sections of NR211 Nafion membranes were prepared as the surface
layers of the membranes are different from its inside. The membrane was first coated with
highly viscous fast-curing epoxy adhesive to prevent resin penetration and then embedded
in visible-light curable resin. The Nafion cross-section slices (~200 nm in thickness) were
sectioned using an ultra-microtome and transferred to a flat silicon substrate.
Topography of Nafion membrane shows small spherical particles connected each other.
Elastic modulus maps exhibit a clearer dispersion of the small particles in which the high
elastic response indicates structure rich in hydrophobic phase. The loss tangent maps show
entanglement of an elongated soft structure rich in hydrophilic phase aggregated in the
weaker elastic response area. Small particles with an intermediate elastic and loss tangent
response were also observed and indicate differences in the phase separation level.
This presentation is based on results obtained from the PEMFC Research and
Development Program commissioned by the New Energy and Industrial Technology
Development Organization (NEDO).
References
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Effect of temperature on mesoscopic deformation of thermoplastic
elastomer under elongations based on in situ small-angle X-ray scattering
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Polystyrene (PS)-b-poly(ethylene-co-butylene)-b-PS (SEBS) triblock copolymer
consists of hard PS end blocks, which play a role as physical crosslinking points of the soft
midblock. Weight-average molecular weight of SEBS with 15 wt% of PS used in this study
is 13.3×10 4 and glass transition temperature (T g) of PS domain is 60˚C. To improve
mechanical strength of SEBS, mechanical stability of PS domain during sample
deformation is a key point to control. Accordingly, it is important to investigate the
deformation behavior of PS domain in mesoscopic scale under various mechanical
deformations. In this study, the hierarchical structure of SEBS films were investigated
during uniaxial and biaxial tests using an in situ small-angle X-ray scattering (SAXS)
technique to determine the deformation of PS domains. Deformation behavior of PS
domains under various temperatures during uniaxial elongation was also observed.
After annealing, characteristics scattering peaks (q) of spherical PS domains packed in
body-centered cubic (BCC) lattice were observed in SAXS profile. Figure 1 illustrates
SAXS profiles of SEBS during uniaxial deformation at room and high temperatures, and
biaxial testing at 1 mm s-1. During uniaxial elongation, structure and form factors shifted to
lower and higher scattering vector region in parallel and perpendicular to the stretching
direction (SD), respectively. In the case of heating temperature, broader peaks of structure
factor were observed. Also, form factor seems to shift to lower and higher q region than the
results under the same strain measured at room temperature. These might be due to the
active molecular motion of PS chains in
Uniaxial
(at 25˚C)
the vicinity of Tg of PS domains, resulting
1ε=0
2 ε = 2.4
in the more deformation of PS spherical
1
1 3 ε = 4.0
domains. On the contrary, these two factors
2
2 (at 55˚C)
3
3 4ε=0
shifted to lower q region in x and y axes
4 5 ε = 2.4
4
5 6 ε = 4.0
5
during biaxial elongation. These results
6
6
(at 60˚C)
suggest to a change in domain spacing and
7ε=0
7
7
8 8 ε = 2.4
deformation of PS spherical domains as
8
9 9 ε = 3.8
9
Biaxial
strain increased. Size of PS domains was
10 (at 25˚C)
10
evaluated by fitting to the equation of
11 10 ε = 0
11
12 11 ε = 1.2
12
spherical form factor. It was proposed that
12 ε = 2.4
(a) // to SD (X-axis)
(b) ⊥to SD (Y-axis)
spherical PS domains deformed to prolate
0
0.3
0.6
0
0.3
0.6
spheroid during uniaxial elongation and to
q /nm-1
oblate spheroid during biaxial elongation. Figure 1: SAXS profiles of SEBS films during
Temperature also affected deformation of uniaxial at 25, 55 and 60˚C, and biaxial elongation
at 25˚C (1 mm s-1):
the domains during uniaxial elongation.
(a) parallel and (b) perpendicular to SD.
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Matrix-free nanoparticle system consisting of polymer-grafted particles has attracted great
attention recently. In our previous study, the rubbery/glassy block copolymer was grafted on
silica nano-particles (SiNP) to enhance the strength of this nanocomposite. However, the
relationship between mechanical properties and dynamics of rubbery/glassy block
copolymer-grafted SiNP has not been clarified. X-ray photon correlation spectroscopy
(XPCS) is a powerful tool for investigating the dynamics of polymer nanocomposite, but
there are still few papers reporting about the application of XPCS to nanocomposites. In this
study, XPCS was utilized to analyze the dynamics of block copolymer-grafted SiNP with
different composition of outer glassy block.
The block copolymer was grafted on SiNP by surfaced-initiated atom-transfer radical
polymerization. The poly(butyl acrylate) (PBA) was prepared as inner rubbery layer, and
three different polymers of poly(methyl methacrylate) (PMMA), poly(hydroxyethyl
methacrylate) (PHEMA) and PHEMA cross-linked by diisocyanate were prepared as outer
glassy layer. XPCS was performed at various temperatures at BL03XU beamline in SPring8. The bulk mechanical properties were evaluated by uniaxial tensile test.
The weight ratio of PBA and SiNP in three samples were controlled. Figure 1(a) shows
the stress-strain curves of PMMA-b-PBA-g-SiNP , PHEMA-b-PBA-g-SiNP, and crosslinked PHEMA-b-PBA-g-SiNP. The samples with PMMA block outer layer exhibited the
highest strain at break but the lowest Young’s modulus. The samples with cross-linked
PHEMA block outer layer exhibited the lowest strain at break but the highest Young’s
modulus. The outer layer PMMA had van der Waals force between polymer chains. The
PHEMA layer had weak hydrogen bonding interaction. After cross-linked with diisocyanate,
PHEMA layer had covalent cross-linking between polymer chains. The stronger bonding in
outer layer made the nanocomposite more rigid. In addition, the mobility of SiNP was
evaluated from the autocorrelation function of the fluctuation of scattering light intensity.
Figure 1(b) shows the motion rate of SiNP from XPCS versus q at 60℃. The mobility of
SiNP was the highest in PMMA-b-PBA-g-SiNP and was the lowest in cross-linked PHEMAb-PBA-g-SiNP. From the results obtained above, it may be concluded that the more rigid
outer layer restricted the mobility of silica particles, so that the brittleness of nanocomposite
increased.

Figure 1: (a)The stress-strain curves and (b) relaxation rate of SiNP based-on XPCS of PMMA-b-PBA-gSiNP, PHEMA-b-PBA-g-SiNP, and cross-linked PHEMA-b-PBA-g-SiNP.
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Study of thermal oxidative degradation on polypropylene surface using
soft synchrotron radiation
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Introduction
The characterization techniques of polymeric materials to clarify the degradation
mechanisms are necessary to promote the R&D. Polypropylene (PP) is used in a variety of
applications as plastic parts in various industries including the automobile because of its
excellent physical properties. The typical pathway of the PP degradation is revealed that
autoxidation, which is a free radical chain process, starts when the polymer is exposed to
heat or light in air [1]. It is difficult to map the functional groups generated due to oxidation,
despite that degradation reactions of the polymer with antioxidants are expected to be
heterogeneous. Photoelectron emission microscopy (PEEM) is a powerful method to
visualize distribution the chemical state. Originally, a flat conductive surface is required for
PEEM measurement, which made it difficult to be applied on polymers which is usually
insulate. Using soft X-rays produced by a synchrotron light source, variable energy X-ray
could be generated, which makes energy scan possible. Therefore, besides obtaining high
spatial resolution images, near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy which directly reflects chemical states could also be extracted from the image
[2]. We report here to map and characterize the degradation products on insulating material
(PP) by soft synchrotron radiation (PEEM-NEXAFS).
Experimental
The dumbbell-test pieces were prepared from homo-PP doped with antioxidants. Thermal
degradation of PP was carried out in air at 150 °C. Tensile strength test was conducted to
examine the aging changes of the mechanical properties. Pristine and aged sample pieces
were shaved into thin films (100 – 200 nm) by a microtome, and put on gold film deposited
in the surface of silicon wafer. PEEM-NEXAFS measurements are performed at nanoscience beamline (BL10) of SAGA Light Source to map the degradation products. Incident
photon energy was scanned from 280 eV to 300 eV near Carbon K-edge spectra.
Results and discussion
We successfully obtained PEEM image of PP by slice the sample into thin films, and
mounted on a conductive flat surface, where the charge-up could be limited and would not
affect the imaging. In PEEM, a vertical-striped contrast, which directly reflects slight
difference of morphology formation, was obtained on pristine sample, while in NEXAFS
spectra no differences were observed. The morphology modification was observed as colour
heterogeneity on aged sample (936h). The C K-edge spectra (284–290 eV) at deep black
area revealed multiple C (1s) electron transitions indicating the presence of C=C, C=O, COH as the degraded reaction products. PEEM–NEXAFS can map the morphological and
chemically heterogeneity owing to the degradation. The ability of PEEM–NEXAFS to map
the chemical variations in near-surface region of the samples at high resolution is
unparalleled and therefore ideally suited for polymer degradation study.
References
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Bourson 1
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saidi.sarah1@hotmail.fr, patrice.bourson@univ-lorraine.fr, david.chapron@univ-lorraine.fr
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Netherlands Organization for Scientific Research (NWO), DUBBLE@ESRF, CS 40220, 38043 Grenoble
Cedex 9, France; hermidam@esrf.fr
3
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Macromolecular Chemistry&New Polymeric Materials, Zernike Institute for Advanced Materials,
University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands; g.portale@rug.nl

Poly (vinylidene fluoride) (PVDF) is employed in a wide range of applications such as
architectural, offshore materials, solar panels, and chemical engineering. The PVDF
materials undergo extreme conditions for these applications such as high or low pressure,
high and low temperature, cold or hot bending and blistering. The manufacturing of the
polymeric materials must meet strict ambivalent specifications because of the variable
conditions depending on the work environment. PVDF properties depend on its semicrystalline nanostructure. Indeed, PVDF crystallizes readily and presents a polymorphism
[1] [2]. PVDF is well known to crystallize, in a polar phase (β-) which exhibits interesting
electrical properties, such as pyroelectricity or piezoelectricity and in a non-polar phase (α-),
the more mechanical resistant and stable phase. Moreover, PVDF has been blended with a
fluoroelastomer (in weight fraction lower than 50wt%) in order to improve the viscoelastic
behaviour of the final material by changing the nanostructure of the initial neat PVDF. The
understanding of PVDF blends crystallization under conditions that mimic their life cycle is
crucial to optimize and design novel PVDF derivatives to enhance the materials performance
under real conditions. With this goal, it has to be established the relation between the
crystallinity, phase content and the crystallite size of a pure PVDF and a
PVDF/fluoroelastomer blends. The composition of the blend influences the overall
crystallinity. More precisely, different PVDF/fluoroelastomer blends have been studied to
probe the influence of fluoroelastomer mixed to PVDF matrix. Raman spectroscopy imaging
and time resolved simultaneous DSC-SAXS-WAXS experiments [3] in combination with
Raman spectroscopy [4] has been performed to identify the structure, crystallinity, shape and
crystallite size. Moreover, chemometrics [5] analysis have been performed to correlate the
simultaneous data acquired.
References
[1] - H. Masunaga et al, Polymer Journal, 39, 12, 1281-1289 (2007).
[2] - M. Veitmann et al, Polymer Testing, 48, 120-124 (2015).
[3] - G. Portale et al, European Polymer Journal, 81, 415-432 (2016).
[4] - M. Ponçot et al, Polymer, 80, 27-37 (2015).
[5] - N. Brun et al, Vibrational Spectroscopy, 67, 55-60 (2013).
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Application of HT 2D-LC: To study the correlation of CCD x MMD in
high impact polypropylene (hi-PP) and modified hi-PP
Sampat Singh Bhati, Gerd Lohse, Marcelo Farah, Ana Azeredo, Antonio Carlos Quental
Braskem, sampat.bhati@braskem.com

High impact polypropylene (hi-PP) is a reactor blend of homo polypropylene matrix and
ethylene-propylene (EP) rubber. Molar mass distribution (MMD) and chemical composition
distribution (CCD) are important macromolecular heterogeneities of hi-PP, which influence
the final properties of the product.
High temperature two dimensional liquid chromatography (HT 2D-LC) is a recently
developed technique, which is a hyphenation of high temperature liquid adsorption
chromatography (HT-LAC) in the first dimension separation according to CCD and high
temperature size exclusion chromatography (HT-SEC) in the second dimension separation
according to MMD. Therefore HT 2D-LC provides information about the correlation of
CCD x MMD of complex polyolefins i.e., hi-PP. Prior to the invention of HT 2D-LC
instrument such information was obtained through an offline separation approach which has
several limitations, sources of errors and time consuming process. With the use of HT 2DLC, CCD x MMD information can be obtained in matter of hours.[1-3]
In this work we will present the separation of hi-PP and coupling agent modified hi-PP using
HT 2D-LC instrument. CCD x MMD correlation of the products will be presented in the
poster.

Figure 1: CCD x MMD correlation of the EP rubber and modified EP rubber present in hi-PP. These contour
plots are obtained as a result from HT 2D-LC separation.

References
[1] – T. Macko, H. Pasch, Macromolecules 2009, 42, 6063.
[2] – S. S. Bhati, T. Macko, R. Brüll, Polyolefins J. 2016, 3, 119.
[3] – T. Macko, A. Ginzburg, R. Brüll, K. Remerie, Macromol. Chem. Phys. 2012, 213, 937.
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Development of an integrated qualitative analysis coupled with EI and
soft ionization data for GC-HRTOFMS system
M. Ubukata, A. Kubo, K. Nagatomo, T. Satoh, J. Tamura
JEOL Ltd., mubukata@jeol.co.jp

Electron ionization (EI), which accompanied by extensive fragmentation, is the most popular
method used in gas chromatography-mass spectrometry (GC-MS). The compounds are
identified by mass spectral database search using with an EI mass spectrum. Sometimes we
couldn't obtain the molecular ion in EI data due to EI is one of the hard ionization techniques.
Therefore it is very hard to do the unknown compounds analysis only with EI mass spectrum.
In that case, soft ionization is very helpful to obtain and identify the molecular ions. Recently,
we developed an integrated qualitative analysis method coupled with EI and soft ionization
data.
We used EI for hard ionization and filed ionization (FI) for soft ionization in this study. The
data integration of GC/EI and GC/FI was performed with following steps. (i) The GC peaks
were detected from GC/EI and GC/FI data separately. (ii) The mass spectra were extracted
for each GC peak. (iii) Database search was performed for extracted GC/EI mass spectra
using NIST mass spectral library. (iv) The mass spectra from GE/EI and GC/FI data were
linked using retention time information. (v) The accurate mass analyses were performed by
using mass of molecular ion shown in GC/FI spectra and the masses of fragmentation ions
in GC/EI mass spectrum.
The one useful point of the software is the confirmation of database search results with
GC/EI mass spectra by molecular information of GC/FI spectra. The other is to support
analysis of unmatched compounds by database search. Both elemental compositions of
molecular ion and fragment ions, which represent substructure, can be estimated by accurate
mass from GC/FI and GC/EI mass spectra, respectively.
We have developed the software to integrate high mass resolution GC/EI and GC/soft
ionization data. The functions are tested using GC/EI and GC/FI data obtained by Py-GCTOFMS analyses for vinyl acetate resin. The software is useful to overview the sample
chemical information in complicated mixture.
Conventional qualitative analysis
only by EI method (GC-QMS)

EI data

Qualitative analysis combining EI and SI
methods (GC-TOFMS + msFineAnalysis)

EI data

SI data
Linkage of
mass spectra

①Library
search

②Determine
molecular ions.

①Library
search
Reflect library search result
for conditions of
composition estimation.

③Estimate
molecular ion
compositions.

④Isotope pattern
analysis
⑤EI fragment ion
analysis
Result

Estimate elemental
compositions for EI
fragment ions and
calculate the EI
fragment ion cover
ratio.

⑥Result

Figure 1: Qualitative analysis flow.

Figure 2: Integrated qualitative analysis results.
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ANALYSIS OF ADDITIVES IN ADHESIVE BY PY-GCxGC-TOFMS
Asami Matsukami1, Fumie Kabashima1, Michiko Kanai1
1

LECO Japan, Asami_matsukami@leco.com

Adhesive agents of adhesive tapes used for daily life are made from base polymer such as
acrylic resin and rubber-based resin, etc. Generally, various additives are blended to
adhesives to give various properties. To clarify these components is important for quality
control, quality improvements and compliance with chemical substance regulations, etc. For
additive analysis in polymeric materials, it is necessary to separate the additives from the
base polymer and then to separate the additives from each other, so solvent extraction and
reprecipitation are used for separation of additives from polymers.
Pyrolysis GC-MS is a method in which a sample is decomposed into smaller molecules by
heat to be chromatographically separated. It is applicable to analyze insoluble material such
as polymers and complex materials without any pretreatment. However, since pyrolysis of
adhesive produces many compounds, it is difficult to detect a trace amount of components
such as additives by conventional GC. GCxGC is a technique of connecting two types of
columns with different polarities and performing separation in two dimensions. It is effective
for analyzing samples in complex matrices. In this study, we analyzed these additives in
detail using GCxGC-TOFMS that involves two columns of different selectivity (boiling
point versus polarity) to highly separate and identify products.
The GC x GC chromatogram obtained by analyzing a commercially available adhesive tape
is shown in Fig.1. Many decomposition products from the base polymer were detected, and
rosins and its derivatives used as a tackifier were detected. These compounds were trace
amount, and were considered to be difficult to separate by conventional GCMS, because
they co-elute with other peaks. However, comprehensive analysis was achieved by using GC
× GC - TOFMS.

Rosins and
its derivatives

Figure 1: GCxGC chromatogram of adhesive
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Identification of unknown pyrolyzates on pyrograms of polymeric
materials obtained by pyrolysis-quadrupole GC/MS using mass
spectrometry calibration and analysis software
A. Hosaka, S. Kagami, S. Nakamura
email: akihiko.hosaka@agilent.com, Agilent Technologies Ltd.

Since Py-GC/MS does not require complicated sample preparation, it is widely used as a
qualitative technique for unknown polymers. For the identification of each peak on the
chromatogram obtained by GC/MS, it is a major mean to search the databases produced by
the National Institute of Standards and Technology (NIST) and/or Wiley (USA) etc.
However, the identification of pyrolyzates of polymeric materials is often difficult because
the number of entries for pyrolyzates in these databases are not sufficiently. Although,
regarding this state, a data book and a novel database devoted to pyrolyzates have been
published, many capital pyrolyzates are remained as unknown compounds. Therefore, it is
necessary to establish easy-to-use identification procedures of pyrolyzates not relying on
mass spectrum database, to make more effective use of Py-GC/MS. In this study, several
unknown pyrolyzates of polymeric materials were identified by MassWorks software (Cerno
Bioscience, USA) which is based on an algorithm called Calibrated Lineshape Isotope
Profile Search (CLIPS) [1] to obtain the candidates of possible formulae for a molecular ion
of an unknown pyrolyzate. Besides, other GC/MS technologies were supplementary used to
increase accuracy of the search result, i.e., simultaneous detection by MS and element
selective detectors such as nitrogen phosphorus Detector (NPD) or flame photometric
detector (FPD), chemical ionization using methane or methylamine as the reagent gas.
References
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Reaction mechanism of tetraethyl orthosilicate as a model of silane
coupling agent studied by analytical pyrolysis techniques
and high-resolution MALDI-MS
E. Sakamoto , H. Ohtani
Department of Life Science and Applied Chemistry, Graduate School of Engineering
Nagoya Institute of Technology, Nagoya 466-8555, Japan
30411066@stn.nitech.ac.jp

Silane coupling agents have been used in various fields, such as adhesive, coating
agents and inorganic filler surface treatment of inorganic materials. Generally, silane
coupling agents are silicon compounds which have hydrolysable groups in their structure
and react with the surface of the inorganic materials through hydrolysis and dehydration
condensation reaction. The estimated reaction scheme is shown in Figure 1. However,
detailed reaction mechanism has not been clarified. In this study, coupling reactions of
tetraethyl orthosilicate (TEOS), which is a typical model of silane coupling agents, were
analyzed by analytical pyrolysis techniques and high-resolution matrix assisted laser
desorption ionization-mass spectrometry (MALDI-MS).

Figure 1: Estimated reaction scheme of silane coupling agent with inorganic material

To investigate the condensation reaction of TEOS, acidic TEOS solutions were
prepared to form TEOS oligomers through hydrolysis and condensation; 2.08 g (0.01 mol)
of TEOS, 0.5 g of EtOH, 0.126 g of H2O and 50 µL of HCl (1 mol/L) were mixed with (5 g)
or without glass beads in 50 mL volume of polypropylene vials and stored for 24 hours in a
refrigerator (4 - 6 °C). The formed TEOS oligomers in the stored solution were then analyzed
by pyrolysis (Py-)GC-MS and MALDI-MS. In the pyrograms and MALDI mass spectra of
the stored solution, various linear and branched TEOS oligomers, including those containing
cyclic structure(s) formed through intramolecular self-condensation reactions were observed
up to around decamer. In addition, the oligomers with one or two hydroxyl (silanol) groups
formed by the hydrolysis of an ethoxy group were also observed. The relative peak
intensities of the larger oligomers were smaller in the presence of the glass beads. This fact
suggests that the condensation reactions between TEOS components were restricted
probably owing to the influence of the reaction between the hydrolysed TEOS and the
surface of glass beads.
Furthermore, the glass beads treated with TEOS were isolated from the solution and
heated at 120 °C for 2 hours to promote the coupling reactions between the TEOS oligomers
and silica. The glass beads were then analyzed by evolved gas analysis (EGA)-MS and heart
cut (HC)-EGA-GC-MS. In the EGA profile, three peaks were observed in the temperature
ranges of 150 - 328 °C, 380 - 513 °C, and 518 - 547 °C. From the observed results of HCEGA-GC-MS measurement of the fraction in each temperature range, it was suggested that
these peaks were derived from the residual TEOS in the solution, and adsorbed and
chemically bonded TEOS oligomers with silica, respectively.
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Simple identification of ink of ink jet printer
by thermal separation probe GC/TCD
S. Nakamura, S. Kagami, A. Hosaka
email: sadao_nakamura@agilent.com, Agilent Technologies Ltd.

As for ink jet printers for home use, compatible inks aside from genuine ink are available
from various manufacturers. Since the price of compatible ink is cheaper than that of genuine
ink, there are many cases that sufficient performance is not obtained. It is difficult to visually
distinguish genuine ink and compatible ink, we studied a method that can easily identify
them. TSP (thermal separation probe) - GC / TCD (thermal conductivity detector) which is
easy to handle was used. About 1 to 2 mg of the sample was taken in a micro vial and
introduced into GC by TSP probe. A DB-WAX UI 15 m, 0.25 mm, 0.25 μm column was
used, and nitrogen gas was used for the carrier gas.
Two types of compatible ink cartridges and two types of refill inks which commercially
available were compared with a genuine ink cartridge. The heating temperature of TSP was
300 ° C, and the components volatilized at that temperature were targeted. Chromatograms
of the genuine ink and the refill ink is shown in Figure 1. Comparing both chromatograms,
clear differences could be confirmed. The method confirmed the difference between other
compatible inks and the genuine ink. Since non-volatile components such as resin and
pigment remain in the micro vial even with simple direct analysis, contamination on GC is
minimal. Moreover, it is possible to distinguish between the genuine ink and the compatible
inks only by separation with the DB - WAX UI column.
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Figure 1: Comparison of Chromatograms between the genuine ink and the refill ink
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Molecular weight distribution of living species in polystyrene prepared
by reversible addition and fragmentation chain transfer polymerization
Taihyun Chang, Kyoungho Kim1, Junyoung Ahn, Mirim Park1, Heung Bae Jeon2,
Hyun-jong Paik1
Department of Chemistry and Division of Advanced Materials Science, Pohang University of Science and
Technology (POSTECH), Pohang, 37673, Korea
1
Department of Polymer Science and Engineering, Pusan National University, Busan, 46241, Korea
2
Department of Chemistry, Kwangwoon University, 20, Gwangun-ro, Nowon-gu, Seoul, 139-701, Korea
tc@postech.ac.kr

We report on the separation of living chains prepared by reversible addition-fragmentation
chain transfer (RAFT) polymerization of polystyrene by high performance liquid
chromatography (HPLC) and their characterization using nuclear magnetic resonance
(NMR), size exclusion chromatography (SEC) and matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). A specially
designed chain transfer agent (R–S–(C=S)–Z) with polar hydroxyl end groups at R and Z
and a thermal initiator without hydroxyl group (AIBN) were used to enable baseline
separation of different living and dead chain species bearing distinctive end groups.
Molecular weight distribution (MWD) of the living chains derived from the RAFT agent is
close to the Poisson distribution. On the other hand, the living chains grown from the radicals
generated from the dissociation of the thermal initiator has a broader MWD with low
molecular weight tailing. Therefore, let alone the dead chains, the MWD of the RAFT
polymerized living chains is broader than the living chains prepared by either anionic
polymerization or atom transfer radical polymerization due to the slow dissociation of the
thermal initiator.

Figure 1: SEC chromatograms of as-prepared PS (black), AIBN-initiated living chain (blue, left),
and RAFT agent-initiated living chain (red, right).
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Characterization of chain ends structure in polymer materials using
pyrolysis-gas chromatography-atmospheric pressure chemical ionization
quadrupole time-of-flight mass spectrometry
(Py-APGC-MS)
K. Harata1, H. Ohtani1, S. Kitagawa1, Y. Iiguni1, T. Ezaki2
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開始反応

The reliable identification of the characteristic pyrolysis products should be essential for
pyrolysis (Py-)GC-MS analysis of polymeric materials. For this purpose, the observation of
a molecular (related) ion and its precise mass measurement often play the key roles. Recently,
a new GC-MS system using atmospheric pressure chemical ionization (APCI) combined
with quadrupole time-of-flight mass spectrometer (QTof) was developed. Because of the
combination of soft ionization nature of APCI to form a molecular ion and high mass
resolution of QTof, much more useful information in the GC eluted components should be
obtained. In this work, a Py-GC-MS system using APCI-QTof -MS (Py-APGC-MS) was
examined in terms of the characterization of chain ends structure in polymer materials.
In a methyl methacrylate (MMA)-styrene (St)-butyl acrylate (Bu) terpolymer [P (MMASt-BA)] radically polymerized with azobis(2-methylbutyronitrile) (AMBN) as a
polymerization initiator, at least 3 types of end groups should be formed with an AMBN
fragment combined with each monomer unit, as shown in Figure 1. When the terpolymer is
pyrolyzed, some typical pyrolyzates originated from the end groups are estimated to be the
products also shown in Figure 1 along with their calculated monoisotopic molar mass. The
terpolymer sample was subjected to Py-APGC-MS measurement, and these specific
pyrolyzates of the end groups were able to be selectively detected and exclusively identified
through the clear observation of their molecular (in some cases protonated) ions by APCI
with the precise mass measurements with QTof, among a huge number of complex pyrolysis
products mainly originated from the polymer main chain.
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Figure 1: Typical end groups in P (MMA-St-BA) obtaned with AMBN initiator and the
estimated pyrolyzates formed from the end groups
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Detection and Identification of Unknown deterioration products of
Acrylic Resin by Using High-Resolution GC-TOFMS
F. Kabashima1,*, A. Matsukami1, M. Kanai1, S. Okamoto2, T. Honda2
A* corresponding author: fumie_kabashimai@leco.com
1
LECO Japan, Minato-ku, Tokyo, Japan
2
Meiji University, 1-1 Kanda-Surugadai, Chiyoda-ku, Tokyo, Japan

Identification of unknown compounds in complex matrices is the most important and
difficult part of any research. In polymer analysis, accurate characterization is important for
when new materials are synthesized, when a competitive product is being evaluated, or when
the performance of a product needs to be improved. Pyrolysis gas chromatography mass
spectrometry has been applied successfully for polymer characterization. One of the
advantages of this method is that all compositions of the polymers and additives can be
investigated without any pre-treatment, providing important compositional and structural
information in a simple way. However, it's difficult to identify and monitor the products of
pyrolysis with the highest confidence and accuracy, because pyrograms are very complex
matrices containing many decomposition products. Mass defect plots could be one of the
solutions. Mass defect is defined as the difference between a compound's nominal mass and
its exact mass. Every compound characterized by its chemical formula with a unique mass
defect resulting from the combination of its elements. This characteristic can be used to
simplify the search for unique and novel compounds. Until recently, FT-ICR-MS was the
main technique that properly leveraged mass defect. With modern advances in TOF
technology, it is now possible to comprehensively achieve sufficient resolution on HighResolution GC-TOFMS platform to perform precise mass defect measurements. In this study,
we applied Pegasus GC- HRT (LECO, USA) combined with Kendrick Mass Defect (KMD)
to clarify the degradation mechanism of Paraloid B-72/Copolymer of ethyl methacrylate and
methyl acrylate. The Kendrick mass is defined by setting the mass of a chosen molecular
fragment, typically CH2, to an integer value in atomic mass units. In a Kendrick mass
analysis, the KMD is plotted as function of nominal Kendrick mass for ions observed in a
mass spectrum. Therefore, KMD analysis is particularly useful for selectively detecting
compounds of interest by visualizing complex mass spectra. Pyrograms of Paraloid B-72 are
complex matrices containing decomposition compounds as demonstrated by the
chromatogram. The KMD plot generated by summing
the mass spectra over the entire chromatographic run,
showed the key differences by degradation that were not
apparent in the total ion chromatogram (Fig. 1). From
the mass defect plot, accurate masses were selected for
display as extracted ion chromatograms (XIC). Data
processing the sample using “Peak Finding” in ChromaTOF
Figure.1 Kendrick Mass defect
-HRT software (LECO, USA), enabled identification of the
chromatographic peaks in the XIC by library database
searching. Alternatively, if no library hits were found, the
accurate mass data were utilized further to calculate
chemical formulae, which were then searched against
online chemical databases. The mass spectrum in Figure 2
was not found in the libraries; however, the composite
accurate mass data enabled it to be identified as degradation
product of ethyl methacrylate and methyl acrylate.
Figure 2 Characteristic Unknown peak
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Comparative analysis of automotive coatings using a temperature
programmable furnace-type pyrolyzer
A. Shiono1, A. Watanabe1, N. Teramae1,2, H. Ohtani3
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Frontier Laboratories Ltd., Saikon, Koriyama, Fukushima, 963-8862, Japan
2
Tohoku University, Aoba-ku, Sendai, Miyagi 980-8578, Japan
3
Nagoya Institute of Technology, Showa-ku, Nagoya, Aichi 466-8555, Japan
anna_shiono@frontier-lab.com

A variety of polymers have been used as raw materials for automotive coatings to maintain
their appearance and to prevent deterioration due to water and sunlight. Generally, the
coatings contain additives for imparting its functions. Analytical pyrolysis technique has
been applied to the structural analysis of base polymers and additives in coatings. In this
study, two similar automotive coatings were analyzed and compared by evolved gas analysis
(EGA)-MS and heart-cutting (HC)/EGA-GC/MS using a temperature programmable
furnace-type pyrolyzer.
Two urethane-based coatings industrially available, A and B, were used as samples. The
observed EGA curves consist of 4 zones but look similar for the samples A and B as shown
in Fig. 1. To differentiate the two samples, HC/EGA-GC/MS was then performed for each
EGA thermal zone. For example, HC chromatograms in zones A-3 and B-3 are shown in
Fig. 2. Isobutanol is observed in the chromatogram of zone A-3, while 1-butanol is observed
in that of zone B-3. In addition, although pyrolyzates derived from polyethylene glycol are
detected in both chromatograms, their intensities are different. These results demonstrate
that the two similar automotive coatings can be differentiated by HC/EGA-GC/MS.

Figure 1: EGA curves of samples A and B.

Figure 2: HC chromatograms of samples A and B for zones A-3 and B-3 in Figure 1.
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Establishing analysis workflow for OFF-Flavor candidate compounds
from polymer material by using SPME-GC/MS
S. Kagami, A. Hosaka, K. Nohara, S. Nakamura
email: satoshi.kagami@agilent.com, Agilent Technologies Japan Ltd.,

In recent years, product defects caused by off-flavor are one of the issues to be solved in
not only food industry but also in materials and chemical industry. It is important to identify
the culprits of off-flavor for the prompt and correct countermeasure against the defect..
Flavor analysis, Solid Phase Micro Extraction - Gas chromatography mass spectrometer
(SPME-GC/MS) is widely used because of its versatility, sensitivity, and convenience. For
the identification of each peak on the chromatogram obtained by GC/MS, NIST and Wiley
libraries are often used for searching. However, a lot of compounds are observed in the
chromatogram many of them are not related to off-flavor. Therefor it is important to establish
analysis workflow for finding out candidate flavor compounds with ease and precision.
Recently, a mass spectrum library specialized for off-flavor compounds (Off-Flavor Library,
Agilent Technologies Japan inc.) are provided, which can abstract the flavor compounds
from numerous peaks on the chromatogram and identify them. In some cases, the compounds
related to material degradation triggered off-flavor defects, it is an effective means to
compare the differences between the flavor compounds from normal and degraded products.
In this study, commercially available natural rubber (NR) and degraded NR chromatograms
obtained by SPME-GC/MS were determined by Off-Flavor Library and MassProfiler
software (Agilent Technologies Japan inc.) which provides comparative analysis of normal
and degraded groups. As the results,MassProfiler extracted 55 candidate compounds which
are unique for degraded sample, that contains esters, aromatic compounds and phenols, e.g.
n-octyl acetate, o-xylene acetate, N,N-diethylformamide, 2-methoxyphenol and 4vinylphenol.
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Thermal degradation reaction of 4-vinylpyridine-divinylbenzene
copolymer in acetic acid studied by pyrolysis-GC-MS and MALDI-MS
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Acetic acid (AA) is industrially produced through carbonization of methanol. For this
process, rhodium catalyst supported on vinylpyridine-divinylbenzene copolymer resin (VPDVB) is often employed. Since the VP-DVB gradually deteriorates in AA during its
synthesis at elevated temperature, it is important to elucidate the degradation behaviours in
order to improve and control the catalyst performance. In this research, to clarify the
degradation mechanism, the decomposition products of VP-DVB in AA were investigated
by pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) and matrix assisted laser
desorption/ionization mass spectrometry (MALDI-MS).
Four different levels of extracts (total % extraction; 1, 5, 9, 14 %) from VP-DVB (30
wt% of DVB content) after heating in AA at 200 °C for 100, 550, 1390 and 1720 hours,
respectively, were used as test samples. Each sample was first subjected to evolved gas
analysis (EGA)-MS. The observed EGA-MS profile showed mainly two peaks at around
100-300 °C and 400-500 °C. Based on this observation, two step Py-GC-MS measurements,
in which each extract sample was first measured at 300 °C and then the residual fraction was
successively subjected to Py-GC-MS measurement at 600 °C.
In the first step pyrogram of each extract at 300 °C, dimeric and trimeric components
were mainly observed, which should be vaporized decomposition products containing in the
extract sample. On the other hand, in the second step pyrogram of the residual fraction at
600 °C, monomeric products were mainly observed along with some dimeric and trimeric
ones, all of which should be formed by the pyrolysis of the oligomeric decomposition
products in the extract. The relative peak intensities of the main products were almost
comparable regardless of the degree of decomposition (percent extraction) for both the first
and second step pyrograms. Meanwhile, characteristic deference was observed in the first
step among the minor monomeric components. Relative total intensities for the monomeric
products gradually increased with increase in percent extraction, suggesting that degraded
VP-DVP decomposed into smaller products. This tendency was also confirmed by MALDIMS measurements. Furthermore, main monomeric components in the first step for the initial
decomposition stage (1% extraction) could be those derived from initiator fragment
incorporated in the polymer chain end. This fact suggests that the initial decomposition
reaction in AA mainly takes place at the chain ends of VP-DVB resin. With the progress in
the decomposition, the observed monomeric components were changed to those with pyridyl
group. This means the decomposition reactions preferably progress at VP units. On the other
hand, the monomeric products with phenyl or phenylene group, which should be originated
from the DVB unit in the resin, were clearly observed in the second step pyrograms of the
extract samples.
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Failure Analysis of PVA Products by Heart-cutting EGA-GC/MS
- Difference between Standard and Turbid Products
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Polyvinyl alcohol (PVA) has been used to produce many end products, such as adhesives,
lacquers and food packaging materials. Although the aqueous solution and gel of PVA are
colorless and transparent, a turbidity problem happened to a PVA product. For the failure
analysis of the PVA product, pyrolysis gas chromatography/mass spectrometry (Py-GC/MS)
system was used in combination with a heart-cutting (HC) technique [1], since it offers
characteristic information which is unobtainable by other analytical methods.
A non-turbid PVA gel sample (standard PVA) and a white-turbid PVA gel sample (turbid
PVA) were placed in a deactivated stainless steel sample cup which was introduced to the
furnace of a temperature-programmable pyrolyzer (EGA/PY-3030D, Frontier Lab)
interfaced to the split injector of a GC/MS system. A Selective Sampler (SS-1010E, Frontier
Lab) and a MicroJet Cryo-Trap (MJT-1035E, Frontier Lab) devies were also used to analyze
selected temperature zones of the evolved gas analysis (EGA) profiles.
EGA profiles of the standard and TIC
x10
turbid PVA samples are shown in Fig. 2.0
460
540
1. There was no distinctive difference 1.5 Standard PVA
1.0
between the two profiles; therefore, 0.5
HC/EGA-GC/MS measurement was 1.20
performed. The chromatograms (TIC
0.8 Turbid PVA
Heart-cutting Zone
and EIC) of both samples for the
0.4
temperature zone from 460 to 540 ºC
0
200
300
400
500
600
700
were measured and EICs of m/z 57 are
Furnace temp./ ºC
shown in Fig. 2. Although the
Figure 1:
EGA
profiles
of PVA
samples
Fig.
1 EGA
profiles
of PVA
samples
presence of contaminants was not
obvious from the TICs, the EIC of turbid PVA (Fig. 2(b)) shows α-olefin peaks probably
originated from a polyethylene structure. The same measurement was carried out on
ethylene-vinylactate copolymer (EVA) to obtain an EIC. By comparison, it was found that
the white turbidity problem can be ascribed to the contamination of the production line by
EVA which was manufactured just before the PVA production.
5
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Figure 2: Chromatograms of PVA samples (heart-cutting zone from 460 to 540ºC, (a) Standard PVA, (b) Turbid PVA
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Investigation of a catalytic effect of carbon allotropic surface on
pyrolysis behavior of polymers
Y. Nagai, Y. Kamiya1, T. Honda2
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In recent years, improvement of some physical properties of polymer materials by
addition of various carbon nanofillers (CNF) such as multi-walled carbon nanotube
(MWCNT) and graphene nanoplatelet (GNP) has been studied [1]. Nanocomposites to which
these CNFs are added are expected to be improved mainly mechanical, thermal and electrical
characteristics compared with the original polymer materials. Physical property evaluation
and analysis of these nanocomposites are performed by various analyzers. Particularly in the
analysis of thermal properties, in addition to thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC), Pyrolysis-gas chromatography/mass spectrometry
(Py-GC/MS) and evolved gas analysis (EGA-MS) using the same device are performed. In
addition to the analysis of thermal properties, the influence of CNFs on pyrolysis of polymer
materials in nanocomposites has also been investigated [2, 3].
In another study other than nanocomposites, it is reported in several papers that the
compositional changes of pyrolyzates when carbon allotropes coexist with polymer
materials in a pyrolysis furnace. It has been reported that pyrolysis residues of polymer
materials in a pyrolysis furnace exerts a catalytic effect on the subsequent pyrolysis [4], and
that the pyrolysis composition of a polymer material changes in the presence of a gecko tape
which is made of MWCNT [5]. As mentioned above, the allotrope of carbon affects the
pyrolysis reaction of polymer materials, but its mechanism and concrete effect are not
clarified in detail. Therefore, in this study, in order to elucidate the influence of carbon
allotropes on pyrolysis of polymer materials, pyrolysis behavior of polymer materials in the
presence of graphene nanoplatelets which have different surface area was investigated.
References
[1] – M. Remanan, M. Kannan, R. S. Rao, S. Bhowmik, L. Varshney, M. Abraham and K. Jayanarayanan, J.
Inorg. Organomet. Polym. 27, 1649 (2017).
[2] – Z. Terzopoulou, D. Patsiaoura, D. G. Papageorgiou, E. Pavlidou, K. Chrissafis, L. Tzounis, G. Z.
Papageorgiou and D. N. Bikiaris, Thermochim. Acta 656, 59 (2017).
[3] – K. Chrissafis, E. Pavlidou, E. Vouvoudi and D. Bikiaris, Thermochim. Acta 583, 15 (2014).
[4] – S. Tsuge, H. Ohtani, H. Matsubara and M. Ohsawa, J. Anal. Appl. Pyrol. 11, 181 (1987).
[5] – Y. Nagai, Y. Kamiya and T. Honda, J. Anal. Appl. Pyrol. 122, 422 (2016).
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Synthesis and advanced structure elucidation of polyesters and
development of aqueous polyester dispersions
K. Saller, C. Schwarzinger
Institute for Chemical Technology of Organic Materials, Johannes Kepler University Linz, Austria
klara.saller@jku.at

Since the 19th century polyesters of different kinds and both from natural and synthetic
origins have played an important role in industry. The application of polyesters can be very
versatile because their properties strongly depend on the type of monomers, their molar ratio
and reaction conditions. Besides being used for plastic bottles, fibers and construction
materials, polyesters are applied as binders in coating systems. While such coatings systems
are conventionally based on organic solvents, new and eco-friendly technologies such as
powder coatings and water-borne paints and inks are developed [1].
Within these new technologies, polyesters have become very prominent in powder coatings,
but there are still limitations for their use in water-borne systems. Basically, polyesters can
be neutralized with base leading to solvated carboxylic groups and increased hydrophilicity
which at some point allows the formation of stable polymer dispersions in aqueous medium.
However, this ability strongly depends on the structure of the polymer chain, molecular
weight distribution, and amount and type of terminating groups [1]. Hence, profound
polymer analytics including advanced structure elucidation of the polyesters is crucial.
Aiming for polyesters, which can be dispersed in aqueous medium, different monomers,
combinations thereof, and varying reaction conditions are used for synthesis. To investigate
the influence of those variables on the polymeric structure and the ability to form aqueous
dispersions, analytical techniques including gel permeation chromatography (GPC) and
mass spectrometry (MS) are applied. Focusing on high resolution MS direct-infusion-,
HPLC-ESI-Orbitrap and MALDI-TOF MS are used. The MALDI-TOF spectrum of a
polyester synthesized from isophthalic acid and neopentyl glycol is displayed in Figure 1.

Figure 1: MALDI-TOF mass spectrum of a polyester synthesized from isophthalic acid and neopentyl glycol.
References
[1] – U.Poth, Polyester und Alkydharze: Grundlagen und Anwendungen, 1st ed.; Vincentz Network:
Hannover, Germany, 2005.
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Developed the Sealed pipe pyrolysis recovery method
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In chemical analysis, it is generally required to multilaterally evaluate a sample using
various analytical devices. Due to current advances in science and technology, various
analytical instruments are used for liquid samples and soluble samples. However, most of
these analytical instruments require the samples to be dissolved. Therefore, analyser that can
be used for a hardly soluble samples is limited. Pyrolysis gas chromatography mass
spectrometry (Py-GC/MS) is an effective analytical technique for hardly soluble samples.
Py-GC/MS vaporizes the sample by pyrolysis, and then separates and analyze it. Thus,
pyrolysis is a useful pretreatment for hardly soluble samples. However, in order to analyze
pyrolyzates with other analytical instruments, it is necessary to convert them to solution and
recover them. Several prior studies on methods for recovering pyrolyzates have been
reported [1-3]. However, since each of them develops its own new apparatus for pyrolysis.
However, it is difficult to make the same apparatus. Therefore, in this study, we developed
the sealed pipe pyrolysis recovery method as reproducible pyrolyzate recovery method.
The procedure of this method is as follows. First, the sample was sealed in a glass
pipe while filling Ar gas. The sample was pyrolyzed at 400°C using the On-line micro
reaction sampler. After cooling to room temperature, the glass pipe was broken in the sealed
teflon tube in order to prevent purging of pyrolyzate as much as possible. After adding 10
μL of the solvent with the syringe, the pyrolyzate was dissolved by ultrasonic vibration. This
solution was recovered and the pyrolyzate was analyzed with various equipment.
We report on pyrolyzate of four synthetic polymers by GC/MS and field desorption
mass spectrometry using this method.
References
[1] - B. Tienpont, F. David, A. Pereira, P. Sandra. Journal of Chromatography A. 2011;1218;8303–8712.
[2] - K. Mitsui, F. David, B. Tienpont, K. Sandra, N. Ochiai, H. Tamura, P. Sandra. Journal of
Chromatography A. 2015;1422; 27–33.
[3] - H. Kano, T. Okamoto, S. Kitagawa, Y. Iiguni, H. Ohtani, H. Ito, K. Iwai, M. Kuno. Journal of
Analytical and Applied Pyrolysis. 2015;113;165–173
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Structural analysis after UV degradation test of Binder17 used in
conservation and restoration of Japanese archaeological remains
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Binder17 is one of the acrylic emulsions that it has been used for the protection of
archaeological remains in conservation and restoration field. There are some reports about
Binder17 film applied to archaeological remains and they report Binder17 appeared
discoloration after restoration [1]. In addition, once Binder17 degenerated, it is difficult to
remove it due to loss of soluble of degraded Binder17. It will be helpful to understand
modified chemical structure of degraded Binder17 for the fields of conservation and
restoration. In this study, degraded Binder17 films after accelerated UV aging were analysed
by multangular analysis.
Binder17 was cast on glass plates and peeled after drying. The film sample was irradiated
by UV light at 254 nm in 24, 48 and 72 h. These samples were analysed by Fourier transform
infrared spectroscopy-attenuated total reflectance (ATR-FT/IR), Evolved gas analysis mass
spectrometry (EGA-MS), Thermogravimetric analysis (TGA), Pyrolysis gas
chromatography mass spectrometry (Py-GC/MS), and compared with non-irradiated sample.
From the result of Py-GC/MS, methyl methacrylate and ethyl acrylate was identified as main
components of Binder17. From the result of ATR-FT/IR (Figure 1), EGA-MS and TGA, it
was suggested that Norrish I and II reaction, hydrolysis and dehydrogenation, making crosslinking were occurred.
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Figure 1: ATR-FT/IR spectra of Binder17 film surface before and after UV irradiation.
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Preparation and Characterization of Stereocomplex thin film interfacial
toughness enhancement by Silane agent
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Abstract
Poly (lactide) (PLA) has received extensive attention because of biodegradability, and
renewable material. However, PLA has thermal limitation and brittleness. To more enhance
thermal property and mechanical property, mechanical property and thermal property were
achieved by stereocomplexation and adding silane agent. Adding a low amount of 3(triethoxysilyl)
propyl
isocyanate,
(3-aminopropyl)
triethoxysliane
and
trimethoxymethylsliane (1-5wt %) can improve mechanical property. Silane agent with
functional end group formed a rubbery Silica-PLA core shell gel through condensation and
grafting at interface between stereocomplex and silane agents. In this study, we confirmed
that the gel improves the mechanical properties without loss of modulus and stress. In this
study, we can confirm that the resulting film exhibit increased strain a break 16.46% to
92.94% while maintaining other mechanical properties such as stress and modulus. Though
surface analysis, we can confirm the formation of silica-PLA core shell gel.

Figure1. Formation process of Stereocomplex/Silane rubber
References
[1] Y. Okamoto, Prog. Polym Sci, 25, 159-162, (2000)
[2] J. Shao, S. Xiang, X. Bian, J. etal., Ind. Eng. Chem. Res, 2246-2253, (2015)
[3] H. Schmidt, H. Scholze, A. Kaiser, J. Non. Cryst. Solids, 1-11, (1984).
[4] X. Meng, N.A. Nguyen, etal., ACS Sustain. Chem. Eng, 1289-1298, (2018).
[5] F. Bauer, H.J. Gläsel, etal,. Prog. Org. Coatings, 147-153, (2003)

− 99 −

Poster Session

P46

Interfacial Energy Analysis for Dynamic Polymer Brush
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In the system where
small amount of amphiphilic
block copolymers are added
to hydrophobic elastomer,
polymer brush is dynamically formed at water/
elastomer interface due to
spontaneous segregation of Figure 1: The schematic diagram of dynamic polymer brush formation
block copolymers with hydration energy of hydrophilic blocks as driving force (Fig. 1) [1].
This phenomenon is called “dynamic polymer brush”, which has some unique properties
such as self-repairing because the brush layer is not constrained to the surface and is replaced
by the block copolymers embedded in bulk. In addition, it can be easily applied to various
materials such as glass and metal as coatings. Therefore, dynamic polymer brush is expected
to be applied as functional surface modification material for antifouling and lubrication.
So far, structure and dynamics of dynamic polymer brush were revealed [1, 2]. However,
change in interfacial energy has not been measured yet because the formation of
heterogeneous interface makes it difficult to use simple contact angle method. We developed
a new method of measuring interfacial energy and applied it to dynamic polymer brush
formation.
It is expected that the deformation of elastomer thin films floating on water occurs due
to the balance between interfacial tensions and elastic force working on the films. Therefore,
we can estimate the interfacial energy by measuring the size of elastomer thin films floating
on water. Square elastomer thin films on the water surface were equi-biaxially deformed by
interfacial tension balance. Poly(styrene-b-isoprene-b-styrene) (SIS) and poly(isoprene-b(ethylene glycol)) (PI-b-PEG) were used as a elastomer matrix and an amphiphilic block
copolymer, respectively for dynamic polymer brush. SIS thin films containing 0 ~ 20 wt%
of PI-b-PEG were spun cast and were floated onto water. Deformation of thin films on water
was observed by Brewster’s angle imaging, and interfacial energy was estimated based on
change in their sizes and compared with the brush structure analyzed by neutron
reflectometry (NR).
SIS thin films not containing PI-b-PEG were hardly deformed because the interfacial
tension is almost balanced, while those containing PI-b-PEG were largely deformed, which
indicated that interfacial energy between water and elastomer decreased greatly with
dynamic polymer brush formation because the PEG brushes repelled each other in order to
accommodate more chains and acquire large hydration energy. In poster presentation, the
behavior of change in interfacial energy and the relationship between interfacial energy and
interfacial structures revealed by NR will be discussed in detail.
References
[1] - M. Inutsuka, N. L. Yamada, K. Ito and H. Yokoyama, ACS Macro Lett., 2, 265 (2013).
[2] - H. Tanoue, M. Inutsuka, N. L. Yamada, K. Ito and H. Yokoyama, Macromolecules, 50, 5549 (2017)
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In recent years, due to fear of depletion of petroleum resources, studies on raw materials
that are substitutes for petroleum resources and clean production methods are attracting
attention, and prior research using renewable biomass resources as a raw material has been
conducted [1, 2]. Therefore, we focused on Cashew Nut Shell Liquid (CNSL) which is
extracted from lipid ingredients of cashew nut shell which can be supplied inexpensively
and stably. At present, the development of synthetic paints such as Poly-epoxy, urethane,
benzoxazine, acrylic using cardanol which is main ingrediant of CNSL as a raw material has
been reported. However, these paints contain formaldehyde and heavy metals such as
manganese, there is a possibility of adversely affecting the human body and the environment.
Therefore, the development of photo-curable resin paints is under way. Over the past few
years, the development of photo-curable resin paints mainly containing Cardanol glycidyl
ether (CGE) in which an epoxy group is introduced into cardanol has been conducted.
Although it is thought that it hardens through epoxy ring-opening polymerization by
ultraviolet irradiation after converting to a high molecular weight material by thermal
polymerization, there are few empirical studies on aforementioned reaction reports.
Therefore, in this research, we aimed to help paint development research by elucidating the
curing mechanism of CGE.
In this experiment, in order to estimate the change in molecular structure due to thermal
polymerization, measurement of molecular weight distribution by Gel Permeation
Chromatography (GPC) was done. In addition, the molecular structure was estimated by
Matrix Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDITOF/MS). As a result of measurement by GPC, an increase in the dimer component was
confirmed. In addition, as a result of analysis by MALDI-TOF/MS, desorption of the epoxy
group and reaction with the alkyl group was confirmed, and it was inferred that the oxidative
polymerization was inhibited.
References
[1] J. Liu, R. Liu∗, X. Zhang, Z. Li, H. Tang, X. Liu. Preparation and properties of UV-curable multi-arms
cardanol-basedacrylates. Progress in Organic Coatings. 2016; (90): 126–131.
[2] Shinji Kanehashi, Sho Tamura, Kan Kato, Takayuki Honda, Kenji Ogino, Tetsuo Miyakoshi.
Photopolymerization of Baio-Based Epoxy Prepolymers Derived from Cashew Nut Shell Liquid (CNSL).
Journal of Fiber Science and Technology. 2017;(73): 210–221.
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Degraded structure of the matrix of CFRTP exposed to hot steam studied
by SEM, GPC, DSC, and positron annihilation lifetime spectroscopy
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Degradation of the polymer matrix of carbon fiber reinforced thermos-plastics (CFRTP)
requires multi-scale structural analyses to evaluate the mechanism. In order to clarify how
the molecular-level alteration cause the nano~macro-scale structural changes resulting in
performance deterioration, we applied the SEM, GPC, DSC, and positron annihilation
lifetime spectroscopy (PALS) to the characterization of the nylon 6 (PA6) matrix of CFRTP
exposed to hot steam. [1]
The mechanical strength of CFRTP was reduced by hot steam exposure, probably due to
micro-crack formation as shown in SEM image (Fig. 1). While the decrease in molecular
weight by the hot-steam exposure was observed by means of GPC, decrease in molecular
weight and reduction in the strength were not fully correlated, meaning that the other
structural alterations also affect the reduction in the strength. DSC measurement indicated
increase in the crystallinity of PA6 by the hot-steam exposure (Fig. 2). On the other hand,
PALS revealed that the free-volume size in PA6 of degraded CFRTP was larger than that of
the initial material (Fig. 3). Plausible mechanism of the degradation can be discussed by
these results; hot steam condition causes increase in molecular mobility of the polymer
chains, which then are rearranged to increase the crystallinity. While the dense crystal part
is increased, the remaining amorphous part is expanded. The low-density amorphous easily
contains water molecules and then induces hydrolysis reaction. The decrease in density and
entanglement points in amorphous part may become the origin of micro cracks.

Figure 1 : SEM image of the
cross section of CFRTP exposed
to hot steam at 140 ºC.

Figure 2 : Heat of fusion and
melting point of PA6 matrix in
the CFRTP determined by DSC.

Figure 3 : o-Ps lifetime measured
by PALS and estimated freevolume hole size.
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Polyrotaxane is a supra-molecule in which a cyclic molecule
is topologically constrained by an axial polymer. Alphacyclodextrin (CD) and Poly ethylene glycol (PEG) are the most
widely used components of a polyrotaxane as cyclic molecules and
axial polymers, respectively. In this system ‘inclusion’ progress
spontaneously, but aggregation and precipitation occur
simultaneously. Hence, it is difficult to observe directly the
inclusion process. Our laboratory has established the method to
reveal inclusion process, in which the PEG chains tethered to a solid surface as a polymer
brush are exposed to CD solution as shown in Figure1. Using this method, Takahashi et al.
[1] suggested that, on the methoxy terminal PEG brush, inclusion of CDs progresses by
nucleation-induced crystallization mechanism. Here, we will show the effect of terminal
groups on inclusion process by using the terminal modified PEG brush.
Alkyl chains with amine end-groups having different length were attached to the termini
of PEG chains with carboxy and thiol end-groups (Mw=2,100) by amidation. The alkyl
modified PEGs were fixed to Au thin film on a substrate by Au-thiol bond to form alkyl
modified PEG brush. The PEG brush surfaces were exposed to CD solutions, and the
inclusion process was observed by Surface Plasmon Resonance (SPR) and by Neutron
Reflectivity measurements.
Figure 2 shows the result of the SPR measurements of alkyl
(C6H13) modified PEG brush with various CD concentrations.
The intensity of reflective light at a fixed angle increases with
time due to the changes in the dielectric constant near the surface.
Hence an increase of intensity means the progress of CD
inclusion. Even at low CD concentration, at which CD inclusion
makes no CD inclusion on methoxy-PEG, CD inclusion
progressed well on C6 alkyl modified PEG. At the same time the
inclusion speed itself become faster. These indicate that the
hydrophobic terminal promotes inclusion. The inclusion process
of methoxy terminal can be divided into 3 regimes; induction period before nucleation,
growth of crystallization, saturation. The length of induction period is significantly affected
by the CD concentration. In contrast to the methoxy terminal, there is almost no induction
period on the C6 alkyl end PEG, which suggests different inclusion process: The sufficiently
long alkyl terminal can capture CDs and send them to a PEG chain. Such a process does not
require crystallization of CDs to form an inclusion complex. In this process, inclusion ratio
increase relatively linearly because the process is controlled by the probability of the alkyl
terminal capturing the CDs.
References
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Spatial confinement could produce novel ordered nanostructure in polymers. [1-4] In
this research, nanoscale crystal twinning in polyamide 6 (PA-6) under cylindrical
confinement has been found for the first time. The PA-6 nanorods are fabricated by
infiltrating the melt into nanopores of the Anodized Alumina Oxide (AAO) templates. The
twin crystal structure of nylon-6 nanorod was identified by the two-dimensional wide-angle
x-ray (2D WAXD) and transmission electron microscopy (TEM) selected-area electron
diffraction (SAED) technique. The 45º between two 200 reflections of the single rod has
proved that the crystal structure of PA-6 nanorod are twins. The twin axis is along the a-axis
orientation, also, the hydrogen-bond direction of the unit cell. The (001) composition (twin)
plane is the hydrogen-bonded sheet. The hydrogen-bonded sheets, is aligned with the rod
long-axis. The Differential scanning calorimetry (DSC) results shows that the crystallization
of nylon 6 nanorods was more suppressed compared to the crystallization in bulk and
homogeneous nucleation dominates the crystallization when diameter of nanorods decreases.
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The molecular order and symmetry of polymers is closely associated with material
phiysical proerties. Early observations show that the ordered structure of confined polymer
nanorods has been found by two-dimensional (2D) wide-angle X-ray diffraction (WAXD)
measurement.1 Polyvinylidene Fluoride (PVDF) is of strong piezoelectric properties after
uniaxial orientation polarization under 1D confinement. In this research,we attempted to
study the molecular order of PVDF nanorods under cylindrical confinement. PVDF
nanorods have been fabricated by infiltrating the melt into anodic aluminum oxide (AAO)
templates.We found that under cylindrical confinment, the PVDF were crystallized in the
orthorhombic α phase (a = 0.496 nm, b = 0.964 nm, c = 0.462 nm), because 100, 020, 110
x-ray diffractions belong to the α phase crystal.2, 3 And the position of 100 diffraction located
on the equator which was normal to the long-axis of rods. The b axis of α-phase crystal is
parallel to the long-axis of rod. Differential Scanning Calorimeter (DSC) showed that
comparing to the bulk crystallization peak at 138℃, the crystallization peak of 50 nm rod
decreased to be 96 ℃, which indicates the cylindrical nanoconfinement restricted the PVDF
crystallization.
References
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Early studies have investigated that the self-organization of molecular chains could form
hierarchical structure in polymeric materials.[1] However, no account was taken on the
confined molecular self-assembly at different length scale in polymer nanomaterials. For
these reasons, we specifically chose even-even nylon polymers--nylon 612 as model polymer,
in which displays a diversity of molecular chain arrangement, unit cell orientations, lamellar
growth directions and complex spherulitic texture.[2][3][4] The triclinic α-form crystal
structure of nylon 612 confined in anodized aluminum oxide (AAO) templates has been
found by the selected-area electron diffraction (SAED) of transmission electron microscope
(TEM) and two-dimensional (2D) wide-angle X-ray diffraction (WAXD) technique. The
electron and X-ray diffraction results show that the molecular chains of nylon 612 lie
vertically to the rod long-axis, while the hydrogen-bonded sheets and lamellas are rotating
around the rod long-axis. Therefore, such structure at multi-length scale is a competition and
compromise among the molecular chain orientation, unit cell geometry, packing of
hydrogen-bonded sheet and lamellar stacking.
References
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Polyethylene terephthalate, PET, has a relatively high melting point and excellent physical
properties.[1] In our research, confined crystallization of PET has been investigated by using
nanoporous alumina with different diameters (30, 50, 70, 300 nm).[2] We first study the
melting point depression of PET under confinement. Differential scanning calorimetry (DSC)
results indicate that the melting temperature of nanorods dramatically decreases with the
reduction of PET rod diameter. DSC results showed that comparing to bulk melting
temperature (260˚C), the melting point of PET rods with diameters of 300, 70, 50, 30 nm
have decreased to 200˚C, 175˚C, 175˚C and 173˚C, respectively. In contrast to bulk
crystallization temperature, 190˚C, the reduced crystallization temperature of PET rods with
diameters of 300, 70, 50, 30 nm are 183˚C, 137˚C, 135˚C and 90˚C, respectively. The
morphologies of PET nanorods were examined by scanning electron microscope (SEM) and
transmission electron microscopy (TEM). The molecular order of PET has been investigated
via the selected-area electron diffraction (SAED) of TEM. TEM SAED results show that the
triclinic γ-phase of PET was formed under cylindrical confinement and the b*-axis of PET
is parallel to the long-axis of the rod.
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The mechanism of an unusual crystal branching in poly(4-methyl-1-pentene) [P4MP]
of cylindrical confinement is explored by Lotz et al.1 In present context, anodized alumina
oxide templates are utilized to impose cylindrical confinement to the molecular packing of
P4MP.2-4 The bilateral and rotational daughter crystals of P4MP in its form I are shown to
be exist under such confinement. Moreover, two-dimensional (2D) wide-angle x-ray
diffraction (WAXD) were used to detect the composite diffraction patterns made of two
patterns rotated by 37°. Non-isothermal crystallization studies of confined P4MP crystals
has been carried out by differential scanning calorimetry (DSC). It has been observed that
three distinguishable crystallization peaks further confirm the unusual multiple nucleation
of crystals. Microscopic structural formation mechanism of P4MP nanorods has been
discussed. Coupled with the relatively large inter-backbone distances in P4MP, our studies
show the possibility to manipulate the specific structure and molecular orientation via
confinement. And the epitaxial branching could be relatively consequence of such structural
feature in P4MP.
References
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Introduction
Polypropylene (PP) possessing excellent properties such as toughness, flexibility,
lightweight property and heat resistance is used for various applications of plastic parts. In
general, antioxidant (AO) is added to PP, since pure PP is prone to oxidative degradation. It
is well known that when the polymer is exposed to heat or light in the presence of oxygen,
firstly the AO reacted to supress the autoxidation of polymer. After the AO is consumed, the
autoxidation of polymer is accelerated. As a result of a reaction of two peroxy radicals
generated in autoxidation of polymer, chemiluminescence (CL) is observed [1] and the
initiation time of CL is called as Oxidation Induction Time (OIT). Based on the
background, the OIT obtained by CL method is a useful index to estimate the stability of
materials, however, it is not well performed to PP containing several kinds of AOs. In this
study, we performed CL measurements on PP added with several combinations of AOs and
measured residual AOs of oxidized PP samples. The effects of combination of AOs on CL
behavior were discussed from the results.
Experiment
The samples were prepared from homo-PP and AOs
with 0.2 mm of thickness and 5 mm of diameter.
Concentrations of AOs are shown in Table 1. OIT
was measured by heating the samples isothermally at
150 °C in O2 atmosphere in a CL Analyzer (CLAFS4, Tohoku Electric Industrial). Residual AOs in
oxidized samples were measured by LC/MS
(Acquity / Xevo G2 Qtof, Waters). The oxidized
samples for LC/MS analysis were prepared by
heating in an oven at 150 °C for specified time.
Results and discussion
The order of OIT was A < B < C < D < E < F, i.e. PP
without AO < PP with phenol AO < PP with phenol
AO and phosphite AO < PP with phenol AO,
phosphite AO and thioether AO. The order of
decrease speed of the residual phenol AO
concentration was F < E < D < C < B. This result
supported that phosphite AO and thioether AO
suppress consumption of phenol AO and that
thioether AO is more effective than phosphite AO
under this condition.
Reference
[1] - G. E. Ashby, J. Polym. Sci., 50, 99 (1961)
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Table 1: Concentration of AO (unit: ppm)

Figure 1: Residual phenol AO
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Analysis of co-monomer of tackifire by MALDI TOF MS and application
to hot melt adhesive analysis of diapers
Toshiki Nagamachi1, Masami Kanamaru2, Takumi Sugiuchi2, Hiroaki Sato3
1

Advanced Technology Research Laboratory, Idemitsu Kosan Co., Ltd.
2
Performance Materials Laboratories, Idemitsu Kosan Co., Ltd.
3
Advenced Industrial Science and Technology (AIST)
toshiki.nagamachi6950@idss.jp

Hot melt adhesives (HMA) are widely used in the fields of hygiene, packaging, housing,
woodworking, etc. Especially, HMA for hygiene is mainly composed of base polymer,
tackifire, oil and additives.
HMA is a complex compound, and the chemical properties of the components are
similar, so it is difficult to separate, and to characterize and quantify each component. In
particular, tackifire have a very complicated molecular structure and are difficult to
determined co-monomer components.
In this study, we report an analysis method for determination of co-monomer species of
tackifire by using high resolution MALDI-TOF MS and KMD analysis. Furthermore, we
applied the method to the analysis of HMA used for commercial diapers.
We measured the five types of tackifire in which monomer compositions differ by
MALDI-TOF MS (JMS-S3000 Spiral TOF). As the matrix, trans-2- [3- (4-tert-butylphenyl)
-2-methyl-2-propenylidene] malononitrile(DCTB) was used. Monomer species can
determined by differences in KMD plot patterns.
As a result of applying the established analysis method was applied to analysis of HMA
used for diapers, it was found that HMA components were different depending on the parts.
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A current trend in polymer research is active packaging [1], which aims to extend the product
shelf life, maintain quality, improve product safety, and enhance convenience. The
packaging material should have active functions beyond the simple containment and
physical protection of the product. The use of biobased polymers and related materials [2]
for food packaging is particularly relevant in this regard, where an effective biobased
polymer packaging can enhance durability of fruits and vegetables, minimize food spoilage
in supermarkets, and at the same time not generate plastic waste that can cause long-term
disposal problems.
In our work [3-9], we have adopted several approaches in designing and analyzing new
packaging films based on biopolymers: 1) Polymer blending to optimize the properties of
the resulting films; this may involve different combinations of polysaccharides and proteins.
2) Use of polysaccharides and their derivatives as the continuous phase for film formation.
3) Modification of film surface to impart special characteristics. 4) Incorporation of essential
oils as antimicrobial component in films. Because the structures of both polysaccharides and
proteins are very diverse, these approaches may offer many opportunities for customization
and optimization. Examples of these approaches from the authors’ work will be given in this
presentation, together with some of the analytical methodologies used.
References
[1] - K. B. Biji, C. N. Ravishankar, C.O. Mohan, and T. K. S. Gopal. Smart packaging systems for food
applications: a review. J. Food Sci. Technol., 52(10), 6125–6135 (2015).
[2] - C. Mellinas, A. Valdés, M. Ramos, N. Burgos, M. D. C. Garrigós and A. Jiménz, Active edible films:
Current state and future trends. J. Appl. Polym. Sci., 2016, 42631. DOI: 10.1002/app.42631.
[3] - David J. Sessa, H. N. Cheng, Sanghoon Kim, G. W. Selling, and Atanu Biswas. Zein-based polymers
formed by modifications with isocyanates. Ind. Crops Prod., 43, 106-113 (2013).
[4] - M.S.R. Bastos, L.S. Laurentino, K. M. Canuto, L. G. Mendes, C. M. Martins, S. M. Silva, R. F. Furtado,
S. Kim, A. Biswas, and H. N. Cheng. Physical and mechanical testing of essential oil-embedded cellulose
ester films. Polym. Test., 49, 156-161 (2016).
[5] - F.R.S. Mendes, M.S.R Bastos, L.G. Mendes, F.D. Sousa, A.R.A. Silva, A.C.O. Monteiro-Moreira, H. N.
Cheng, A. Biswas, and R. A. Moreira. Preparation and evaluation of hemicellulose films and their blends.
Food Hydrocolloids, 70, 181-190 (2017).
[6] - M. Li, Q. Wu, K. Song, H. N. Cheng, S. Suzuki, and T. Lei. Chitin nanofibers as reinforcing and
antimicrobial agents in carboxymethyl cellulose films: Influence of partial deacetylation. ACS Sustain.
Chem. Eng., 4, 4385-4395 (2016).
[7] - M.A.Oliveira, R.F. Furtado, M.S.R. Bastos, S. Benevides, R. C. Leitão, C.R. Muniz, A. Biswas, and H.
N. Cheng. Performance evaluation of cashew gum and gelatin blend for food packaging. Food Packaging
and Shelf Life, 17, 57–64 (2018).
[8] - A. Biswas, R. F. Furtado, M. S. R. Bastos, S. D. Benevides, M. A. Oliveira, V. Boddu, and H. N. Cheng,
Preparation and characterization of carboxymethylcellulose films with embedded essential oils. J. Material
Sci. Res., 7, 16-25 (2018).
[9] - H. N. Cheng, C. Ford, and Z. He. Evaluation of polyblends of cottonseed protein and polycaprolactone
plasticized by cottonseed oil. Int. J. Polym. Anal. Charac., 2019, DOI: 10.1080/1023666X.2019.1598641.

− 111 −

Poster Session

P58

Direct Determination of Biologically Extracted Polyhydroxyalkanoates
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Thermally assisted hydrolysis and methylation-gas chromatography (THM-GC) in the
presence of organic alkali was applied to the analysis of biologically extracted
polyhydroxyalkanoates (PHAs). PHAs are 100 % biodegradable polymers, which is
normally extracted from bacterial cells using chemicals such as chloroform, n-hexane and
dimethyl ether that pose negative impacts towards the environment. Our modified biological
extraction method utilizes the intestines of black soldier fly prepupae (BSFP) for the
extraction/recovery of PHAs as opposed to mealworms in previous studies. BSFP were fed
with bacterial dried cells containing intracellular PHAs, and later the PHAs were secreted as
in the form of whitish small pellets together with feces in black colour The obtained PHAs
were cast into films and trace amounts (30 ± 5 µg) of the film samples were subjected to
THM-GC analysis in the presence of tetramethylammonium hydroxide (TMAH). Based on
the resulting chromatograms, a series of characteristic peaks, attributed to THM products
from PHAs were clearly observed without any interfering components. The obtained results
for the biologically extracted PHAs were considered in details for their potential application
as biodegradable polymers in terms of their molecular weight, morphology of the polymer,
thermal and physical properties. The authors greatly acknowledge RUI Grant, Universiti
Sains Malaysia (1001/PTEKIND/8011022) for the financial support. Lydia Mohamad
expresses her in-depth gratitude towards Universiti Sains Malaysia for supporting her MSc
studies through Kuok Foundation MSM Fellowship Award.
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Introduction
The durability of organic coatings is also attracting great interest for the researchers of
polymer degradation because polymeric coatings using under the outer environment are
exposed to several degradational factors (e.g. ultraviolet rays, heat, moisture). In many
cases, the significant deteriorations of its macroscopic properties are strongly related with
internal structural changes, thus, in this paper, we investigated the internal structural
alterations of acrylic-urethane coatings, induced by photo-aging, using positron
annihilation spectroscopy and solvent swelling behavior.
Experimental
1. Material: Two-part acrylic-urethane coating (hardened by tri-functional isocyanate).
2. Photo-aging: Conducted by specialized UV irradiation equipment, reported in previous
paper [1]. (equipped with metal halide lamp 180W/m2 irradiated under dry condition)
Discussion
To clarify the internal structure of acrylic-urethane paint, PALS was conducted in
conjunction with swelling experiments. The o-Ps lifetime obtained using PALS was related
to the mean value of the sub-nanoscale free-volume hole size. In the swelling experiments,
the swelling degree and crosslink density were determined. Significant structural
alterations were observed in the heavy degraded samples, i.e., a decrease in the pore size
and volume. Furthermore, FTIR analysis was conducted to monitor the changes in the
chemical structure and to discuss polymer chain conformation. The analysis results
revealed the breakage of the initial urethane crosslink points and the generation of various
photo-products indicating the presence of new physical and chemical crosslinks (different
from the initial urethane linkage). Finally, Fig.1 illustrates the schematic diagram of the
proposed mechanisms for structural alterations.
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Figure 1: Schematic diagram of the proposed mechanisms for structural alterations.
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Polymeric materials have been applied to various fields such as electronics, automotive,
healthcare, textile and household industries. Polymeric materials are inherently unstable and
degraded under various conditions (heat, humidity, UV, etc.). As a result, they lose their
applicability and may also produce toxic by-products. In this study, thermal degradation of
polymers was investigated by thermogravimetry (TG)-mass spectrometry (MS) and TG with
optical observation, which provide information of pyrolysis products, shape and color
changes as well as mass loss [1].
The kinetic analysis of the thermal degradation of ABS resin was performed using TG-MS
with positive chemical ionization. The sample is heated under inert He atmosphere at three
heating rates (5, 10, 20 °Cmin-1). Figure 1 shows the TG curve and the mass intensity of the
protonated and cationized molecules as a function of temperature. Acrylonitrile (m/z 54),
styrene (m/z 105), and their trimer (m/z 262) are evolved during the mass loss in the
temperature range of 300-500 °C. The activation energies for the production of these gases
can be calculated at 208 kJmol-1 for acrylonitrile, 201 kJmol-1 for styrene, and 157 kJmol-1
for trimer, respectively, using the Ozawa-Flynn-Wall model-free-method [2].

Figure 1: TG and MS profiles of ABS resin heated under He atmosphere at 20 °Cmin-1.
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