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Social Events 

Welcoming Reception (May 30, Sunday 18:00~20:00) will be at D’medley of POSCO 
International Center. 

Lunch (May 31~ June 1) will be provided at the lobby of POSCO International 
Center during the poster session. 

Banquet (June 1, 18:00~ ) will be held at Grand Ballroom of POSCO International 
Center 

We are accepting reservations for the tour of Pohang Accelerator Laboratory (May 
31, Monday 17:00~18:00) and for the excursion to Gyeongju (June 2, 13:00~). 
Registration will take place in Lobby of POSCO International Center. 

Please wear your badges at all time during the events. 

 
Dining Facilities on Campus 

D’medley (Buffet), 2F POSCO International Center 
Phoenix (Chinese), 5F POSCO International Center 
Wisdom (Cafeteria), 2F Jigok Community Center 
Breakfast 08:30~10:30 / Lunch 11:50~13:20 / Dinner 18:00~19:00 
Yeon-Ji (Korean), 1F Jigok Community Center 
Lunch 13:00~15:00 / Dinner 16:00~20:00 
Burger King, 1F Jigok Community Center 
10:00~22:00 
Oasis (Snack), 1F Student Union 
Breakfast 08:00~10:00 / Lunch 11:30~ 15:00 / Dinner 16:00~19:30 

. 
 
Other Facilities 

Rosebud (Cafe) & Convenient Store 1F Student Union 
Monet (Cafe), Crown Bakery, Souvenir Shop & Convenient Store, 1F Jigok 
Community Center 
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Pohang Accelerator Laboratory 
(PAL)

Bus stop 

Log Cabin Pub 
18:00~02:00 

Student Union 

Jigok Community Center 

POSCO International Center 

Main Gate 
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The International Symposium on Polymer Analysis and Characterization, ISPAC, is a 

non-profit scientific organization. The purpose of ISPAC is to provide an international 

forum for the presentation of recent advances in the field of polymer analysis and 

characterization methodologies. This unique Symposium brings together analytical 

chemists and polymers scientists involved in the analysis and characterization of 

polymeric materials. Meetings are held annually, rotating to venues in the USA, Europe 

and Asia. 

 

Previous ISPAC Symposia 

Toronto,Canada (1988); Austin, TX, USA (1989); Brno,Czechoslovakia (1990); 

Baltimore, MD, USA (1991); Inuyama, Japan (1992); Crete,Greece (1993); Les 

Diablerets, Switzerland (1994); Sanibel Island, FL, USA (1995); Oxford, UK (1996); 

Toronto, Canada (1997); Santa Margherita, Italy (1998); La Rochelle, France (1999); 

Pittsburgh, PA, USA (2000); Nagoya, Japan (2001); Univ. Twente The Netherlands 

(2002); Baltimore, MD, USA (2003); Heidelberg, Germany (2004); Sheffield, UK (2005); 

Oak Ridge, TN, USA (2006); Crete, Greece (2007); Wilmington, DE, USA (2008); Zlín, 

Czech Republic (2009) 

 

Future ISPAC Symposium 

2011 Torino, Italy 

 

 

 

 

 

 

 

 

 

 

 



 

 

Publication  
 

Papers based on the main lectures and posters presented at ISPAC-2010 may be 

submitted for inclusion in a special Symposium issue of the International Journal of 

Polymer Analysis and Characterization (IJPAC). Contributions, which will receive a peer 

review, will be accepted by the Editor-in-Chief of IJPAC, Josef Janca (ijpac@ft.utb.cz) 

exclusively as electronic files, e.g., on a floppy disk, CD, etc., or as an e-mail 

attachment. The special issue will be published as soon as possible, with a target in late 

2010 or early 2011. The Instructions for Authors may be found in issues of IJPAC, or 

online at the URL: www.taylorandfrancis.com. 

Contributions should not exceed 15 pages double-spaced using font Times Roman 12pt, 

including figures, tables, and references. 

The final deadline for manuscript submission (to be considered for this symposium 

issue) is to be announced. 
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Sunday, May 30 
 

Short courses (Conference Room C&D, 2F POSCO International Center) 
Chair: Taihyun Chang/ Josef Janca 

10:00-11:20  Advances in HPLC for Polymer Characterization 
Harald Pasch (Univ. of Stellenbosch) 

 

11:20-11:30  Break 
 

11:30-12:50  Advances in NMR Spectroscopy of Polymeric Materials 
H.N. Cheng (USDA) 

 

12:50-14:30  Lunch 
 

14:30-15:50  Tailored Synthesis and Characterization of Complex Polymers 
Jimmy Mays (Univ. of Tennessee) 

 

15:50-16:00  Break 
 

16:00-17:20  Principles and Applications of Continuous Online Polymerization Monitoring 
Wayne Reed (Tulane Univ.)/Guy C. Berry (Carnegie Mellon Univ.) 

 

18:00-20:00   Welcome (D’medley, 2F POSCO International Center) 

 

 

Monday, May 31 
 

09:00-09:20  Opening (Auditorium, 1F POSCO International Center) 
 

Session 1 Molecular Characterization 

Chair: Josef Janca 
09:20-10:00  Myeong Hee Moon (Yonsei Univ.) 

Field-Flow Fractionation/Multiangle Light Scattering  
for Ultrahigh MW Sodium Hyaluronate 

 

10:00–10:40  Koichi Ute (Univ. of Tokushima) 
Characterization of Methacrylic Copolymers and Terpolymers  
by DOSY and Multivariate Analysis of NMR Spectra 

 

10:40-11:00  Break 
 

11:00-11:40  Willem deGroot (Dow Chem.) 
New Tools for Polyolefin's Molecular Structure Determination 



 

11:40-12:20  Discussion 
 

12:20 -14:00  Lunch & Poster session (Lobby, 1F POSCO International Center) 
 

 

Session 2 Polymer Surface and Interface  

Chair: Oscar Chiantore 
14:00-14:40  Kilwon Cho (POSTECH) 

Structure Analysis of Functional Interfaces in Organic Electronics 
 

14:40-15:20  Atsushi Takahara (Kyushu Univ.) 
Interfacial Properties and Dynamics of Polymer Brushes 

 

15:20- 15:40  Break 
 

15:40-16:20  Julius Vancso (Twente Univ.) 
Designer Surfaces by Stimulus Responsive Polymer Brushes 

 

16:20-17:00  Discussion 
 

17:00-18:00  Optional PAL tour (Bus departs at the front gate of POSCO center) 
 

 

Tuesday, June 1 
 

Session 3 Application of AFM 

Chair: Julius Vancso 
09:30-10:10  Sangmin Jeon (POSTECH) 

Nanomechanical Thermal Analysis of Polymers Using Silicon Microcantilevers 
 

10:10-10:50  Ken Nakajima (Tohoku Univ.) 
Quantitative Mechanical Property Measurement on Polymeric Materials 
from a Single Polymer Chain to Nano-alloys, Nano-Composites 

 
 

10:50-11:10  Break 
 

11:10-11:50  Rüdiger Berger (MPI) 
Electrical Modes in Scanning Probe Microscopy used for  
Investigation of Polymers 

 
 

11:50-12:30  Discussion 
 

12:30-14:00  Lunch & Poster session (Lobby, 1F POSCO International Center) 
 



Session 4 Polymer Solution and Gel 

Chair: Guy C. Berry 
14:00-14:40  Charles C. Han (Chinese Academy of Sciences) 

Interchain Hydrogen-Bonding and Co-nonsolvency Effect of Polymers  
in Aqueous or Mixed Aqueous Solvents 

 
 

14:40-15:20  Mitsuhiro Shibayama (Univ. of Tokyo) 
Recent Development of Neutron Scattering Methods for  
Structural Characterization of Polymeric Systems 

 

15:20-15:40  Break 
 

15:40-16:20  Jiang Zhao (Chinese Academy of Sciences) 
Fluorescence Correlation Spectroscopy for the Physics of Polyelectrolyte Single 
Chains 

 

16:20-17:00  Discussion 
 

18:00  Banquet (Grand Ballroom, 2F POSCO International Center) 
 
 

Wednesday, June 2 
 

Session 5 Structural Characterization 

Chair: Jimmy Mays 
09:30-10:10  Kookheon Char (Seoul National Univ.) 

Orientation Control of Microphase-Separated Domains of Block Copolymer 
Thin Films Placed on Surfaces with Tunable Interfacial Interactions and 
Roughness 

 

10:10-10:50  Hiroshi Jinnai (Kyoto Inst. Tech.) 
Recent Development of Electron Tomography for Polymeric Nano-  
and Meso-Structures 

 

10:50-11:10  Break 
 

11:10-11:50  Moonhor Ree (POSTECH) 
Grazing Incidence X-Ray Scattering and Its Applications  
in Detailed Structure Analysis of Nanostructures. 

 

11:50-12:30  Discussion 
 

12:30-12:50 Closing 
 

13:00-20:00 Optional Excursion (Bus departs on 13:00 at the front gate of POSCO center) 



Lectures 
 
 



Session 1 Molecular Characterization 
1. Field-Flow Fractionation/Multiangle Light Scattering for Ultrahigh MW 

Sodium Hyaluronate 

Myeong Hee Moon 

2. Characterization of Methacrylic Copolymers and Terpolymers by DOSY 

and Multivariate Analysis of NMR Spectra 

Koichi Ute 

3. Advanced Tools for Polyolefins Molecular Structure Determination 

A. Willem deGroot 

 
Session 2 Polymer Surface and Interface  
4. Structure Analysis of Functional Interfaces in Organic Electronics 

Kilwon Cho 

5. Interfacial Properties and Dynamics of Polymer Brushes 

Atsushi Takahara, Y. Terayama, H. Yamaguchi, M. Kikuchi, M. Terada, M. 

Kobayashi, T. Koga 

6. Designer Surfaces by Stimulus Responsive Polymer Brushes 

G. Julius Vancso 

 

Session 3 Application of AFM 
7. Nanomechanical Thermal Analysis of Polymers Using Microcantilevers 

Sangmin Jeon 

8. Quantitative Mechanical Property Measurement on Polymeric Materials 

from a Single Polymer Chain to Nano-Alloys, Nano-Composites 

Ken Nakajima, So Fujinami, Dong Wang, Hao liu, Makiko Ito, Toshio Nishi 

9. Electrical Modes in Scanning Probe Microscopy used for Investigation of 

Polymers 

Stefan A.L. Weber, M. Retschke, Niko Haberkorn, Patrick Theato, Hans-

Jürgen Butt, Rüdiger Berger 

 



Session 4 Polymer Solution and Gel 
10. Interchain Hydrogen-Bonding And Co-nonsolvency Effect of Polymers in 

Aqueous or Mixed Aqueous Solvents 

Charles C. Han, Jinkun Hao, Guangcui Yuan, He Cheng 

11. Recent Development of Neutron Scattering Methods for Structural 

Characterization of Polymeric Systems 

Mitsuhiro Shibayama 

12. Fluorescence Correlation Spectroscopy for the Physics of Polyelectrolyte 

Single Chains 

Jiang Zhao, Shengqin Wang, Pengxiang Jia 

 

 

Session 5 Structural Characterization 
13. Orientation Control of Microphase-Separated Domains of Block 

Copolymer Thin Films Placed on Surfaces with Tunable Interfacial 

Interactions and Roughness 

Kookheon Char 

14. Recent development of electron tomography for polymeric nano- and 

meso-structures 

Hiroshi Jinnai 

15. Grazing Incidence X-Ray Scattering and Its Applications in Detailed 

Structure Analysis of Nanostructures 

Moonhor Ree, S. Jin, K. S. Jin, J. Yoon, Yecheol Rho, Byungcheol Ahn, 

Jungwoon Jung, Samdae Park, Jin Chul Kim, Mihee Kim, Sungmin Jung 

 



L1 

Field-Flow Fractionation/Multiangle Light Scattering  

for Ultrahigh MW Sodium Hyaluronate 
 

MOON, Myeong Hee 
 

Department of Chemistry, Yonsei University, Seoul, 120-749, Korea 
 

Sodium Hyaluronate (NaHA) is water soluble and ultrahigh molecular weight polymer 

composed of disaccharide repeating units of D-glucuronic acid and N-acetyl-D-glucosamine. 

NaHA is found in synovial fluid, body tissues such as joints, the vitreous humor, and skin. These 

days NaHA is widely being utilized in cosmetics, ophthalmic surgery, the treatment of knee joint 

disease, and etc. Since NaHA has different applications in practice depending on molecular 

weight distribution, the degradation and refinement processes of NaHA are necessary to produce 

desired pharmaceutical applications.  

Flow field-flow fractionation (FlFFF) is an elution technique to fractionate 

macromolecules by hydrodynamic diameter. Since FlFFF separation is carried out in a thin 

unobstructed channel, it reduces or bypasses the possible adsorption of sample components on 

packing materials, shear degradation of large-MW polymers, or column blocking, which can 

occur when conventional size exclusion chromatography (SEC) is utilized. When FlFFF is 

combined with multiangle light scattering and differential refractive index (MALS/DRI) 

detection, it provides an independent measurement of molecular weight and molecular weight 

distribution of a broad-molecular-weight-polymer sample, along with conformational information. 

In this presentation, the on-line FlFFF/MALS/DRI will be introduced for characterization of 

molecular sizes and structure of sodium hyaluronate which has been refined by various processes 

such as thermal treatment, radiation exposure, and enzymatic degradation. 

  
 
References 
 
[1] H. Lee, H. Kim, M. H. Moon, Field Programming in Frit Inlet Asymmetrical Flow Field-Flow 

Fractionation/Multiangle Light Scattering: Application to Sodium Hyaluronate, J. Chromatogr. A. 
2005, 1089, 203. 

[2] D. Shin, E. Hwang, I. Cho, M. H. Moon, Molecular Weight and Structure of Sodium Hyaluronate 
and its Gamma radiation Degradation Products by Flow Field-Flow Fractionation and on-line 
Multiangle Light Scattering, J. Chromatography A. 2007, 1160, 270. 

[3] J. H. Kwon, E. Hwang, I.-H. Cho, M. H.Moon, Depolymerization Study of Sodium Hyaluronate 
by Flow Field-Flow Fractionation/Multiangle Light Scattering, Anal. Bioanal. Chem., 2009, 395, 
519. 
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Figure 1  DOSY spectra of poly(MMA‐co‐HEMA)s obtained at early (a) and late (b) stages of 
polymerization (in DMSO‐d6 at 80 °C, 400 MHz, by maximum entropy deconvolution). 

(a) Mn 25300, Mw/Mn 2.56, yield 2.2 %; (b) Mn 41400, Mw/Mn 2.91, yield 90.4 %. 

Characterization of Methacrylic Copolymers and Terpolymers by DOSY 
and Multivariate Analysis of NMR Spectra 

UTE, Koichi 

Department of Chemical Science and Technology, The University of Tokushima, 
2-1 Minami-josanjima, Tokushima 770-8506, Japan 

E-mail: ute@chem.tokushima-u.ac.jp 
 

Many industrial polymers have been developed to give electronic, optical and composite 
materials. A large part of those polymers are copolymers made up of several different kinds of 
monomer. Detailed analysis of their molecular structures including chemical composition, comonomer 
sequence, stereoregularity and the distribution of these properties within the polymer, is essential for 
further improvement of the polymer materials. My research group in University of Tokushima has 
been investigating the NMR spectroscopy methods aiming to characterize those complex 
multi-component copolymers in solution. 

MW dependence of chemical composition measured by the DOSY method 
Diffusion-ordered NMR spectroscopy (DOSY), a kind of two-dimensional NMR experiments, 

resolves an NMR spectrum of a complex mixture of chemical species according their diffusion 
coefficients (D).1) Thus, DOSY analysis of a copolymer provides information about molecular-weight 
(MW) dependence of microstructures (chemical composition, comonomer sequence distribution, 
stereoregularity, etc.) just like on-line SEC-NMR experiments. 

Figure 1 shows DOSY spectra of copolymers obtained by polymerization of MMA and 
2-hydroxyethyl methacrylate (HEMA) with AIBN. Because HEMA is more reactive than MMA (rMMA 

= 0.81 ± 0.03, rHEMA = 1.59 ± 0.05, by the Kelen-Tüdõs method), the copolymer obtained at a late 
stage of polymerization has a MW dependence of chemical composition. DOSY analysis of this 
copolymer clearly showed this dependence (Figure 1b). Little dependence of chemical composition 
was observed for the copolymer obtained at an early stage of polymerization (Figure 1a). 
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Chemical composition and comonomer sequence 
distribution determined by the multivariate analysis 
of NMR spectra 

NMR resonances arising from each group in 
copolymers often exhibit superposed splitting due to 
comonomer sequences and configurational sequences, 
and thus assignment of the individual peaks is 
troublesome. Recently, we reported that the methods of 
multivariate analysis are useful to obtain quantitative 
information about chemical compositions of MMA - 
tert-butyl methacrylate (TBMA) copolymers without 
assigning individual resonance peaks in their 13C NMR 
spectra.2) 

Figure 2  Partial least‐squares regression 
analysis for predicting fractions of 

MMA‐TBMA hetero dyad sequences from 
the 13C NMR signals due to the carbonyl, 

backbone quaternary and α‐methyl 
carbons of the poly(MMA‐co‐ TBMA)s 

obtained at early stages of polymerization.

Principal component analysis (PCA) was 
performed for the bucket integral data sets obtained 
from the 13C NMR spectra of PMMA, PTBMA, nine 
blends of the homopolymers and 16 poly(MMA-co- 
TBMA)s with various chemical compositions. Good 
linear relationship (R2 = 0.997) was found between the 
first principal component (PC1) score and the chemical 
composition in mol % of TBMA units. The second 
principal component (PC2) reflected randomness of 
comonomer sequences. Partial least-squares regression 
has allowed us to propose a calibration model which 
predicts the fractions of the hetero dyad 
(MMA-TBMA) sequence (fMT) from the spectrum of a 
given copolymer with an R2 of 0.997 and a relative 
standard deviation of 7.1 % as shown in Figure 2.3) 

Figure 3  Principal component score plots 
for the 13C NMR spectra of 78 samples; 

PMMA (◆), PTBMA (▲), 

This approach was successfully extended to the 
characterization of MMA-TBMA-HEMA terpolymers 
(Figure 3). PC1 and PC2 showed relationship to 
chemical composition whereas PC3 reflected 
randomness of comonomer sequence.4) 

PHEMA (■), homopolymer blends (◇), 
poly(MMA‐co‐TBMA)s (△), 
poly(MMA‐co‐HEMA)s (□), 

poly(MMA‐co‐TBMA‐co‐HEMA)s (●). 
 
1. Johnson, C. S. Jr, Diffusion ordered nuclear magnetic resonance spectroscopy: principles and applications, Prog. 
NMR Spectrosc., 1999, 34, 203. 2. Momose, H.; Hattori, K.; Hirano, T.; Ute, K., Multivariate analysis of 13C NMR spectra 
of methacrylate copolymers and homopolymer blends, Polymer, 2009, 50, 3819. 3 Momose, H.; Maeda, T.; Hirano, T.; Ute, 
K., Determination of comonomer sequence distributions of MMA-TBMA copolymers by means of multivariate 
analysis of 13C NMR spectra, ISPAC-2010. 4 Naono, T.; Momose, H.; Hirano, T.; Ute, K., Characterization of 
methacrylate terpolymers by multivariate analysis of 13C NMR spectra, ISPAC-2010. 
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Advanced Tools for Polyolefins Molecular Structure Determination 
 

A. Willem deGroot 
 

The Dow Chemical Company 
Technical Leader of Basic Plastics Characterization Group 

2301 Brazosport Blvd. 
Freeport, TX  77541 

E-mail: awillem@dow.com 
 

“It is the simplest of polymers. It is the most complex of polymers.”: A quote from Bill 

Knight (Dow Scientist) paraphrased from A Tale of Two Cities by Charles Dickens. 

Polyolefins are comprised of just carbon and hydrogen, but they still present many 

interesting characterization challenges for the polymer chemist. The primary molecular structural 

features that we pursue at The Dow Chemical Company to develop better structure property rules 

are molecular weight, comonomer content, long-chain branching content and their distributions.  

The primary tool for molecular weight and molecular weight distribution, historically has 

been gel permeation chromatography (GPC). This technique was originally developed by The 

Dow Chemical Company almost 50 years ago1, but it is still the best tool for obtaining this 

information quickly and accurately. Many improvements have been made in instrumentation, 

detectors and columns, but the basic principles remain the same. The primary limitation that we 

have tried to address here has been the ‘late elution’ phenomenon which arises when very high 

molecular weight polymers, typically highly branched polyolefins are analyzed. To address this 

we have developed high temperature, asymmetric flow field flow fractionation (HT-AF4) in 

collaboration with Postnova Analytics2. This technique clearly shows a dramatic improvement in 

preserving high molecular weight species which are either shear degraded or filtered out in a 

typical GPC experiment.  

For comonomer and comonomer distribution characterization, TREF3 has historically 

been the tool of choice. However, in 1994 Benjamin Monrabal developed a technique which 

improved the speed of analysis for comonomer distribution. He called the technique CRYSTAF4 

and started the company now called PolymerChAR in Valencia, Spain. His latest development 

has been a technique which he calls Crystallization Elution Fractionation or CEF5. This 

technique improves the analysis time by almost an order of magnitude from 5 hours to 

approximately 30 minutes. The latest innovation in this area has been to apply interaction 



chromatography to fractionate polyolefins by comonomer distribution using a graphitic column.  

This technique was independently developed by Harald Pasch and Tibor Mako6 at DKI and by 

Matt Miller7 et al at Dow. This technique offers the possibility to dramatically improve the 

resolution and decrease the time of analysis for comonomer distributions.  

For long-chain branch detection rheology, generally considered to be the most sensitive 

method8. However, for long chain branch quantification, 13C NMR along with triple detector 

GPC9 are the most valuable tools. 13C NMR has some limitations, but triple detector GPC can be 

used with very high sensitivity.  

In this talk I will discuss and give examples of the latest developments in characterizing 

these three molecular structural features of polyolefins.  
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[2] Mes, E. P. C., H. De Jonge, T. Klein, R. R. Welz, D. T. Gillespie, J. Chrom., A., 319-330, 

1154(1-2), (2007). 
[3] L. Wild (J. Polym. Sci., Polym. Phys. Ed. (1982)) 
[4] B. Monrabal (J. Appl. Sci. (1994)) 
[5] B. Monrabal (Macromol. Symp. (2007)) 
[6] T. Macko and H. Pasch (National ACS Meeting, Philadelphia (2008)) and (Macromolecules, 

2009, 42, 6063-6067). 
[7] M. Miller et al (Macromolecules 2010, 43(8) 3710-3720. 
[8] Karjala, T. P. et al (J. Appl. Sci. in press) 
[9] Wood-Adams, P. M., J. M. Dealy, A. W. deGroot, O. D. Redwine (Macromolecules, 2000, 
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Structure Analysis of Functional Interfaces in Organic Electronics 
 

Kilwon Cho* 

 

Department of Chemical Engineering, Pohang University of Science and Technology,  

Pohang, 790-784, Korea, E-mail: kwcho@postech.ac.kr 

 

Control over surface induced self-assembly of electronically active pi-conjugated 

molecules provides great opportunities to fine-tune and optimize their electrical properties for 

applications in organic electronics. The design of substrates with controllable surface 

properties can be effectively achieved by employing functionalized self-assembled 

monolayers, which have become one of the most popular techniques to create well-defined 

functional nanostructures. By self-assembly of pi-conjugated nanostructures with strongly 

pi–pi interacting building blocks via surface chemistry, optimized electrical properties of 

organic electronic devices can be attained. In this study, with the aim of enhancing the 

electrical performances by promoting surface induced two-dimensional self-assembly in 

representative pi-conjugated molecules such as poly (3-hexylthiophene) and pentacene, we 

have controlled the intermolecular interaction at the interface between pi-conjugated 

molecules and substrates by using self-assembled monolayers functionalized with various 

groups. We will discuss the dependencies of self-assembled nanostructures of pi-conjugated 

molecules on the substrate surface and their effects on electrical performances in organic 

transistors. Furthermore, controlling interface properties and structures of the photoactive 

layer in organic photovoltaics will be presented. 



Interfacial Properties and Dynamics of Polymer Brushes 
 

A. Takahara1,2,3, Y. Terayama2, H. Yamaguchi2, M. Kikuchi3,M. Terada3, M. Kobayashi3, T. Koga4 
 

1Institute for Materials Chemistry and Engineering, 2Graduate School of Engineering, Kyushu University,  
3JST, ERATO Takahara Soft-interfaces Project, 744 Motooka, Nishi-ku, Fukuoka 819-0395, JAPAN,  

4Stony Brook University, Stony Brook, NY 11794-2275, U.S.A.  
takahara@cstf.kyushu-u.ac.jp 

 
 

Since surfaces and interfaces of soft materials play an important role in various technological applications, 
precise control of soft interfaces would greatly promote the innovation of materials science and technology. In 
this study, precise structure and physical property control of soft interfaces by immobilization of polymer brushes 
onto Si-wafer and polymer films are presented. 

. 
Various polymer brushes were prepared on the silicon wafer by surface-initiated atom transfer radical 

polymerization. Surface initiator, (2-bromo-2-methyl)propionyloxyhexyltriethoxysilane, was synthesized, and 
immobilized on a cleaned silicon wafer by the chemical vapor adsorption method. Chemical structures of polymer 
brushes were shown in Figure 1. 

 
Surface free energies of the polymer brushes were estimated from contact angle measurement. The 

polyelectrolyte brushes showed significantly low water contact angles below 3~7 deg. In particular, a water 
droplet was quickly spread on the poly(MPC) brush surface. The surface free energy of the poly(SPMK) and 
poly(MPC) brush surfaces were estimated to be 72.9 mJ m-2, which is quite similar to that of water. Particularly, 
PMPC brush showed excellent antifouling properties.  On the other hand, PFA-C8 brush showed very low 
surface free energy but hexadecane was spread at the water interface. 
 

The effects of ionic strength on brush structure and surface properties of densely grafted polyelectrolyte 
brushes were analyzed by neutron reflectivity (NR) measurement and AFM thickness measurement. NR at 
PMTAC/D2O and PMPC/D2O interface revealed that the grafted polymer chains were fairly extended from the 
substrate surface1), while the thickness reduction of PMTAC brush was observed in 5.6 M NaCl/D2O solution due 
to the screening of the repulsive interaction between polycations by hydrated salt ions. This swelling behavior in 
salt solution was also confirmed by AFM observation in salt solution. Interestingly, thickness change was not 
observed for zwitter ionic PMPC brush even in a high concentration salt solution. This can be attributed to the 
neutral nature of phosphorylcholine units. On the other hand, swelling behavior of PFA-C8 brush in super critical 
carbon dioxide was evaluated by in situ NR. 

 
Evanescent wave dynamic light scattering (EWDLS) method was proposed for evaluation of dynamics in the 

concentration fluctuations for the polymer brush in good, theta, and poor solvents.  In EWDLS–experiments, an 
evanescent wave is created upon total reflection of a laser beam from the flat interface between a prism 
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immobilized polymer brush and the solution. This evanescent wave is used as the incident radiation for a dynamic 
light scattering experiment. The near-wall dynamics of polymer brush can be studied by EWDLS, if the intensity 
which is scattered off the evanescent wave by molecular motion of polymer brush is correlated. Through 
measurement of light at different scattering vectors and penetration depths, the relaxation modes for the polymer 
brush at various measuring depth was investigated. 
 

Macroscopic friction tests on polymer brushes were carried out on a conventional ball-on-plate type 
reciprocating tribotester by sliding a glass ball on the substrates along a distance of 20 mm at a rate of 1.5 × 10-3 
m s-1 in air and in water under a normal load of 0.49 N at room temperature. In the case of a non-modified silicon 
wafer under a normal load of 50 g (0.49 N), the theoretical contact area between the glass probe and substrate can 
be calculated as 3.51 × 10-9 m2 by Hertz's contact mechanics theory and the average pressure on the contact area 
was estimated to be 139 MPa. 

Figure 2. shows the friction coefficients of poly(MTAC), poly(SPMK), and poly(MPC) brushes in water at a 
sliding velocity of 10-5 ~ 10-1 m s-1. The polymer brushes were immobilized on both surface of silicon wafer and 
sliding glass ball. The friction coefficients of these brushes were 0.1~0.2 at the slower friction rate of 10-5~10-3 m 
s-1, whereas the friction coefficient was dropped to be 0.01~0.03 at the higher sliding velocity over 10-2~10-3 m s-1. 
The drastic reduction in the friction coefficients at a certain velocity could be caused by the transition of friction 
mode. With the low sliding rate, the interaction between the opposite brushes and the interpenetration of brushes 
dominated the friction to give a large friction coefficient (boundary or interfacial friction). With an increase in the 
sliding velocity, a thicker liquid layer would be formed between the sliding surfaces by the hydrodynamic 
lubrication effect to reduce the actual contact area and the friction force (mixed lubrication region). At higher 
sliding rates, we supposed that hydrodynamic lubrication partially took place between opposing swollen 
polyelectrolyte brushes to reduce the friction. Poly(SPMK) showed significantly low friction coefficients at the 
sliding rate of 10-3~10-1 m s-1 probably because of water lubrication and the electrostatic repulsive interactions 
among the anionic groups. 

The friction coefficients of polyelectrolyte brushes in aqueous 
solution are affected by a salt concentration. The poly(MTAC) 
brush in 10 mM of NaClaq solution showed same friction 
coefficient as in pure water, while the transition velocity of the 
reduction in the friction coefficient was shifted from 10-2 to 10-3 m 
s-1. The friction coefficient in 1000 ~5000 mM of NaClaq. solution 
at the higher sliding rate increased from 0.02 to 0.1. The low 
friction coefficient below 0.02 was observed in poly(SPMK) brush 
in 0 ~ 100 mM of NaClaq. solution at the sliding velocity of 10-3 ~ 
10-1 m s-1, however, the friction coefficient increased to be 0.1 in a 
higher NaCl concentration above 1000 mM. In general, polyanion 
or polycation chains in aqueous solution with low ionic strength 
form a relatively expanded chain structures due to the 
intermolecular repulsive interaction. In contrast, the polyelectrolyte 
dissolved in higher ionic strength in solution behaves like an 
electrically neutral polymer to give smaller dimension because the 
electric interactions are screened by salt ions. Therefore, an 
increase in salt concentration would lead to the reduction of the 
electrostatic repulsion interaction among the brushes to result in a higher friction coefficient. 

In the case of poly(MPC) in NaCl and CaCl2 aqueous solutions, significant difference in friction coefficients 
between salt solution and water was not observed at the sliding velocity of 10-3 and 10-1 m s-1.It can be related to 
the fact that the poly(MPC) is a quite unique polyelectrolyte of which chain structure in a aqueous solution hardly 
changed by salt effect due to a weak intermolecular interaction among phosphorylcholine units. 
 
References   
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Matter 3, 740 (2007). 

0.0

0.10

0.20

0.30

0.40

10-5 10-4 10-3 10-2 10-1

Fr
ic

tio
n 

co
ef

fic
ie

nt

Sliding velocity, m･s-1

1●Poly(MTAC) brush
2○Poly(SPMK) brush
3△Poly(MPC) brush

123

Glass Ball

Friction

Silicon wafer

Figure 2. Sliding velocity dependence of the 
friction coefficient of (a) poly(MTAC), (b) 
poly(SPMK), and (c) poly(MPC) brushes in 
water by sliding a glass ball (Φ = 10mm) 
immobilized with the corresponding 
polyelectrolyte brushes over a distance of 20 
mm under a normal load of 0.49 N at 298 K. 



L6 
 

Designer Surfaces by Stimulus Responsive Polymer Brushes 
 

G. Julius Vancso 
 

University of Twente, MESA+ Institute for Nanotechnology 
7500 AE Enschede, The Netherlands 

g.j.vancso@utwente.nl 
 

Polymers have been used with great success in coating films with various thickness 

values, from the few tens of nm to the hundreds of microns, applied to various surfaces. 

Examples for the applications include corrosion protection, decorative coatings, barrier films, as 

functional layers to alter surface properties such as wetting or friction, preventing blood clotting 

caused by biomedical implants, etc. Regarding ultrathin polymer films, the use of polymer based 

lithography resists has been enabling for optical projection lithography, employed in 

semiconductor chip fabrication. Macromolecules can also be attached to surfaces by one of their 

termini either using physical interactions or by chemical grafting [1]. Grafting of (reactive) 

chains to surfaces usually results in tethered macromolecules, which exhibit a random coil-like 

conformation in a good solvent and exhibit grafting densities on the order of 0.05 chains per nm2 

or lower. In such cases the average distance between grafting points is on the order of a few nm 

(4-5 nm) and higher. Such tethered macromolecules are called “polymer mushrooms”. If the 

grafting density increases, the chains become stretched, chain dynamics become weak, and the 

layer exhibits a “brush-like” behavior. Such grafted chain layers can be described by simple 

mean field theories [2]. “Grafting to” approaches usually do not yield high grafting densities, i.e. 

tethered brush chains; however by using surface-attached initiators the attachment density can be 

enhanced and brushes can be prepared. With the advent of controlled free radical 

polymerizations, brushes with controlled chain composition, chain attachment density, gradients, 

multicomponent structures, etc. can be obtained with relative ease [3]. Combinations of surface 

topological patterning of initiators (e.g. by various forms of hard and soft lithography and other 

surface micro/nanofabrication approaches) and surface initiated polymerizations (SIP) can 

provide complex engineered “designer” brush platforms that exhibit chemical and topological 

patterns with different functionalities. When polymers are used in the grafts that respond to 

changes of external stimuli, surface active materials can be fabricated which have intriguing 



applications in sensing, release systems, as “smart” surfaces (wettability and adhesion switching), 

nanoactuators, self cleaning, etc.  

In this presentation first a short general overview will be offered about polymer brushes, 

their synthesis (via SIP) and characterization. Regarding characterization, applications of Atomic 

Force Microscopy will be emphasized, in addition to other thin film characterization techniques 

[4]. 

Three case studies will follow. First the preparation of thermosensitive surfaces by 

controlled “grafting from” of poly(N-isopropylacrylamide) (PNIPAM) brushes, using a newly 

developed disulfide-containing photoinitiator-transfer-terminator agent immobilized on gold, 

will be presented [5]. PNIPAM brushes were grafted in a controlled manner from mixed self-

assembled monolayers (SAMs) on Au substrates. The synthetic strategy used, in combination 

with soft lithography for patterning the initiators, allowed us to obtain tunable temperature-

responsive PNIPAM brushes that exhibit also various topological patterns. The length of tethered 

chains was controlled by the irradiation time, whereas the grafting density was adjusted with 

SAM mixing ratios. The synthesis is biocompatible as no organic solvents should be used and no 

toxic compounds are involved in the polymerization. This technique is a promising tool for 

producing smart temperature-responsive platforms, with the potential for chemical control of the 

chain-terminating group. 

A discussion on the growth of pH-responsive poly(hydroxyethyl methacrylate) (PHEMA) 

based polymeric nanostructures will follow [6]. These brushes were grown in a controlled 

manner by Atom Transfer Radical Polymerization (ATRP) based surface-initiated 

polymerization. Initiator nanopatterns were obtained on silicon wafers covered with silane resists 

which were patterned by AFM scanning probe oxidation lithography. AFM images confirmed 

isolated grafting of stimuli-responsive hedge and dot brush structures exhibiting dimensions 

corresponding to a few tens of chains. 

As last example, preparation, characterization, properties and applications of a new 

functional polymer brush gel will be discussed. PHEMA linear and cross-linked brush chains 

were obtained by ATRP wherein cross linking was achieved with poly(ethylene glycol) 

dimethacrylate added to the reaction mixture. The brush structures were subsequently 

functionalized with carboxylic groups [7] which made the layers responsive to variations in the 

external pH. This functional brush gel was used for the controlled formation and in-situ 



immobilization of silver and palladium nanoparticles, as catalytic coatings on the inner walls of 

glass microreactors. The brush film was grown directly on the microchannel interior via ATRP, 

which allows control over the polymer film thickness and thus the number of nanoparticles 

formed on the channel walls could be adjusted. By this process nanoparticle coverage values 

well beyond the coverage of monolayers could be achieved, thus loading of the catalytic particles 

was substantially enhanced. The metal nanoparticles were then employed in various catalytic 

reactions. The wide applicability of this microreactor device is demonstrated for the reduction of 

4-nitrophenol and for the Heck reaction [8].  
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A nanomechanical thermal analysis method that uses cantilever sensors has been 

developed for investigating the glass transition phenomena of amorphous polymers.1,2 When 

a silicon cantilever coated with a polymer is heated or cooled, the difference between the 

volume expansion coefficients of the silicon and the polymer induces the cantilever to bend, 

which can be used to investigate not only Tg but also the in-situ changes in the volume of the 

polymer induced by physical aging or stress relaxation. The variations in the resonance 

frequency and Q factor with temperature can be related to the elastic modulus and loss 

tangent of the coated polymer. Compared to conventional methods for investigating the 

thermal properties of materials such as differential scanning calorimetry (DSC), dilatometry, 

thermogravimetric analyzer (TGA), and dynamic mechanical spectroscopy (DMS), cantilever 

sensors are more versatile than the conventional methods and need samples of only a few 

nanograms for measurements. In addition, the miniaturized array structure of the cantilever 

sensors makes it possible to achieve high sensitivity, fast thermal equilibrium and multiple 

sample measurements. In this presentation, thermomechanical properties of glass polymers, 

photoresponsive polymers, and paraffins will be discussed.  
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Atomic force microscopy (AFM) was employed to perform quantitative mechanical 

property measurement on polymeric materials. We have not given much attention to AFM’s 

high-resolution feature, while its nanometer-scale palpatbility has been our great concern. 

Nano-palpation can be classified in two categories. One is the technique that can be called 

nanofishing, which reveals the entropic elasticity of a single polymer chain1-3). A single 

polymer chain is picked up and pulled at its chemically modified terminals, resulting in the 

acquisition of structural information such as persistence length. The recent result showed that 

no energy dissipation during successive extension and contraction processes for a single 

polystyrene (PS) chain as shown in Fig. 1. Dynamic nanofishing, where a cantilever is 

imposed on the forced oscillation at its resonant frequency, enables us to investigate more 

fruitful information4,5). Double Voigt model, as phenomenological model, was employed to 

analyze the result. The method gave extension-dependent changes of entropic elasticity and 

frictional coefficient with solvent molecules.  

Another nano-palpation is the 

technique to map elastic or viscoelastic 

properties of rubbery specimens in nano-scale. 

The technique also gives true topographic 

picture free from sample deformation rather 

than apparent topography that is commonly 

obtained by conventional AFM6). The 

technique has been applied to different types 

of rubbery materials including stretched natural rubber (NR)7), carbon-reinforced NR8), 

CNT-reinforced NR, triblock copolymer-based thermoplastic elastomer9), 

dynamically-vulcanized polymer nanoalloy. In the case of pure NR, we examined the effect 

of elongational ratio to its Young’s modulus in nano-scale and found the distribution of the 

Fig.1 Static nanofishing of a single PS chain 
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modulus is highly heterogeneous. We found the mechanical interface in filled NR specimens. 

This time, we will also discuss the inhomogeneous nature of viscoelastic butyl rubber as 

shown in Fig. 2. Although the specimen shows fully viscoelastic property at macroscopic 

scale, it showed elastic region as well as 

viscoelastic region in nano-scale. This finding 

was analyzed in more detail by force-distance 

curve measurement at each region. We will 

discuss the origin of this inhomogeneity by 

preparing different closslinking conditions. 

Fig.2 Nanomechanical mapping of butyl 
rubber (1.0 µm). Point A: fully elastic, Point 
B: particall viscoelastic, Point C: viscoelastic 
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With the development of miniaturized electronic structures variations in electrical 
properties need to be studied on a nanometer scale. In contrast to scanning tunneling 
microscopy, conductive scanning force microscopy (C-SFM) allows studying composite 
materials with both conducting and insulating domains [1]. For hard surfaces such as silicon 
based electronics the C-SFM method is now used routinely to map local conductivity. 
However the applications of flexible and soft polymeric electronic components demand new 
methods for local electrical characterization. In particular, a limitation in the characterization 
of soft, fragile structures is given by the operation of C-SFM in contact mode. Hereby high 
lateral forces can be exerted on the sample by the scanning tip leading sometimes to severe 
modifications in the sample surface [1]. In order to avoid modifications of polymer surfaces 
we developed a new, gentle method that combines torsion mode topography imaging with 
conductive scanning force microscopy. Other than in intermittent contact or tapping mode, in 
torsion mode the tip vibrates laterally with respect to the sample surface. Thus the tip sample 
distance is kept constant. Now, by applying an electrical potential between an electrical 
conductive tip and sample, a current can be measured. By scanning the tip, local variations in 
the conductivity of the sample can be recorded.  

As example, the topography and local conductivity variations on fragile free-standing 
nanopillar arrays were investigated. These samples were fabricated by an anodized 
aluminium oxide template process using a thermally cross-linked triphenylamine-derivate 
semicondcutor. The nanoscale characterization method is shown to be non-destructive. 
Individual nanopillars were clearly resolved in topography and current images that were 
recorded simultaneously. The non-destructive nature of the mode enables studies on soft and 
fragile surface structures in the field of optoelectronics, data and energy storage, sensing and 
actuating. 
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The inter molecular complexation of poly(acrylic acid)-graft-poly(ethylene oxide) 

PAA-g-PEO) in water has been studied by the Dynamic light scattering and viscometry. The 

results have been compared with PAA/PEO mixtures at the same conditions. The 

inter-polymer hydrogen bonding and the entropy loss was the main physical effects which 

causes the formation of stable complexation. 

  On the other hand, when we used mixed solvent of water and THF for 

poly(N-isopropylacrylamide) (PNIPAM), it can be shown that both water and THF are 

solvents for PNIPAM, but PNIPAM can be precipitate in a mixed solvent. In this study, a 

PNIPAM-co-PEG micro-gel was used to prevent the precipitation, so the influence of the 

solvent compositional fluctuations (due to the phase behavior of H2O/THF) on the solvency 

and/or non-solvency of the PNIPAM-co-PEG can be studied and interpreted through the 

H-bonding with water and Van der Waals interaction with THF.  
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Neutron scattering methods have several advantages in structure characterization of 

polymeric systems. In this presentation, we demonstrate (1) contrast-variation method useful for 

investigations of multi-component systems, (2) visualization-by-swelling method capable of 

structural analysis in hidden inhomogeneities of rubbers, and (3) evaluation of incoherent 

scattering intensity by transmission measurement.  

Polymer chain conformation analyses in bulk and in solutions, miscibility of polymer 

blends, microphase separation and/or order-disorder transitions in block copolymers, etc., have 

been extensively investigated during the past 40 years.[1] Polymer gels are suitable systems for 

neutron scattering studies since one can introduce necessary scattering contrast by simply using 

deuterated solvents. Recently, nanocomposite hydrogels have been gathering much attention 

because of their potential applications in various fields.[2] Nanocomposite (NC) gels, consisting 

of poly(N-isopropylacrylamide) (PNIPA) and synthetic clay, laponite, and water, are classified to 

super-tough gels and exhibit significant physical properties, such as high elongations, high 

ultimate strengths, high transparency, large swelling/deswelling ratios, and high deswelling speed, 

etc.[3] Mixtures of clay and polymer in solution exhibit unique rheological properties, such as 

viscosity thickening or thinning depending on the concentrations. In order to describe these 

three-component systems, it is necessary, in principle, to evaluate three self-term partial 

scattering functions, Sii(q), and three cross-term partial scattering functions, Sij(q). By applying 

incompressibility assumption, the number of terms can be reduced to three, i.e., SCS(q), SPS(q), 

and SCP(q), as written by I q( )= ΔρCS( )2
SCC q( )+ ΔρPS( )2

SPP q( )+ 2ΔρCS ΔρPSSCP q( ), where C, P, and S 

denote the clay, polymer, and solvent, respectively, and Drij is the scattering length density 

difference. Neutron scattering allows one to vary the scattering contrasts by changing the D/H 

composition in the solvent. By setting DrCS = 0 (or DrPS = 0), SPP(q) (or SCC(q)) is selectively 

obtained (the contrast matching method). Furthermore, a systematic variation of the solvent 

scattering length, simultaneous equations of SCS(q), SPS(q), and SCP(q) are obtained. By using the 

singular value decomposition method, these unknown partial scattering functions are 



quantitatively evaluated (the contrast variation method). The contrast-variation method was 

applied to investigate anisotropic systems, e.g., the deformation mechanism of NC gels[4] and 

shear-induced viscosity thickening/thinning of clay-polymer aqueous systems, where 

pixel-by-pixel decomposition was carried out.  

Second example is the “visualization-by-swelling method”. SANS technique can be 

highly useful even for structural characterization of natural rubber because it makes invisible 

network structure “visible” by immersing the polymer in deuterated solvent and succeeding swell 

of polymer chains. We carried out SANS study for NR in deuterated toluene (D-toluene) as a 

solvent and showed that there exist large inhomogeneities originating from protein aggregates, in 

addition to the blob scattering visualized by this method.[5,6] 

We proposed a method to evaluate the incoherent scattering intensity, (dS/dW)inc, for 

H-containing systems. This method, which hereafter we call ‘the transmission method’ (‘T 

method’), simply uses the transmission T and the thickness t of the sample and is given by 

dΣ
dΩ

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 
inc

=
1

4π
1−T

tT
. Since both T and t are values routinely obtained in a SANS measurement for 

data reduction, the T method is quite useful. The validity and applicability of the T method are 

examined from theoretical and experimental viewpoints.[7] 
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Up to now, there still exist a lot of questions not well-understood regarding the physical 
and chemical properties of polyelectrolytes in a number of aspects of the structures, dynamics, 
etc.1 The unsolved mysteries and complicities come from the long-ranged electrostatic 
interactions and the existence of multiple ions (counterions and co-ions). These factors have 
made the characterization of polyelectrolyte rather difficult, both in solution and in 
aggregation state. For example, scattering methods such as static and dynamic light scattering, 
which have been very successful in studying neutral polymers, has found their limitation in 
studying charged polymers as polyelectrolytes. In dynamic light scattering experiments, two 
types of diffusive motion have been discovered for decades - the so-called “slow mode” and 
“fast mode”. Although being noticed for years, the physical origins of these modes are still 
unclear. One of the most popular explanations attributes the slow mode to the transient 
clusters formed by multiple polymer chains and the fast mode to the motion of the 
counterions. This fact has made it difficult to determine the structures of the polyelectrolyte 
single chains, such as the chain dimension (radius of gyration, hydrodynamic radius), the 
persistence length, the exclusive volume, etc. This is so because these methods have relatively 
low signal-to-noise ratio and consequently they have to work at relative high polymer 
concentration, under which condition the inter-chain interactions and further multi-chain 
aggregation appear. The solution to overcome such a difficulty is to increase the detection 
sensitivity so that the detection limit can be improved to much lower and therefore detection 
can be conducted at very low concentration. 

Single molecule fluorescence microscopy and spectroscopy is one of the most sensitive 
optical methods and is capable of detecting individual molecules, to track its motion, to 
analysis the emission spectra, etc. 
Fluorescence Correlation 
Spectroscopy (FCS) analyzes the 
fluctuation of fluorescence photon 
counts inside the confocal 
excitation volume (300-500 nm in 
diameter and 1-2 μm in length). By 
analyzing autocorrelation functions 
of fluorescence fluctuation, the 
diffusion coefficient of the 
fluorescent species under study is 
determined. FCS has been widely 
used in the field of biology to 
study the diffusion in cellular 
environment.2 However, it is only 
recently that this technique has 
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been introduced to the field of polymer physics.3 FCS is very sensitive to monitor the 
fluctuation of fluorescence intensity and therefore is very capable of measuring diffusion rate 
of single fluorescent molecules, at a concentration of 10-9-10-12 M. This concentration range is 
at least 2-3 orders of magnitude lower than any other conventional techniques, and therefore 
provides a promising advantage when 
being applied to the problem of 
polyelectrolytes. 

The conformation of poly- 
electrolyte single chain is highly 
dependent on the charge density of 
the backbone and the screening 
strength by external salt in the 
solution. FCS was applied to study 
conformation transition of poly- 
electrolytes, both strong (quenched) 
polyelectrolyte, such as polystyrene 
sulfonate (PSS-) and weak (annealed) 
such as polyvinylpyridine (PVP) and 
polyacrylic acid (PAA). By tuning the 
pH value of the solution, the charge 
density of weak polyelectrolyte and 
the balance between the electrostatic 
repulsion of the charges on the chain 
and the hydrophobic attraction of the 
backbone. Figure 1 shows the hydrodynamic radius of PVP and PAA as a function of pH 
value in the solution. The data clearly show the distinct difference of conformation transition - 
the discontinuous first-order transition of PVP and the continuous transition of PAA.4 

 For strong polyelectrolyte, its charge density is fixed as determined by the original 
chemistry. The factor governing the chain conformation is the polymer-counterion interaction, 
in which the electrostatic screening and counterion condensation involve. Figure 2 
demonstrates the single chain contraction and re-expansion of PSS-, in which the 
hydrodynamic radius of PSS- was found to decrease at relatively low salt concentration, due 
to electrostatic screening of monovalent salt, and due to neutralization by multiple 
counterions. The chain is also found to re-expand for specific ions at higher concentration.4 
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Obukhov, Macromolecules 29, 2974 (1996); Macromolecules, 32, 915 (1999). 
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091104. 

10-8 10-6 10-4 10-2 100
2

4

6

8

10

12

10-1 100 101 102 103
2

4

6

8

10

12

R
H
 ( 

nm
 )

cs ( M  )

 CsCl
 CaCl2
 LaCl3

 CsCl
 CaCl2
 LaCl3

λD ( nm )

R
H
 ( 

nm
 )

 

Figure 2 Value of hydrodynamic radius of PSS- 
single chain as a function of salt concentration (top 
panel) and corresponding Debye length (bottom 
panel). The type of the salts is indicated in figures. 



L13 

Orientation Control of Microphase-Separated Domains of  
Block Copolymer Thin Films Placed on Surfaces with  

Tunable Interfacial Interactions and Roughness 
 

CHAR, Kookheon* 
 

Intelligent Hybrids Research Center 
School of Chemical & Biological Engineering 

Seoul National University 
Seoul 151-744, KOREA 

  E-mail: khchar@plaza.snu.ac.kr 
 

Polymer thin films with nanostructure and functions have recently received much attention due to 

many important potential applications such as nanolithography and nanopatterning for nanodevices, 

biologically relevant surfaces for sensors and drug delivery, photonic or electronic devices, and many 

others.  

As the first part of the presentation, I will discuss the recent progress in our laboratory in block 

copolymer thin films: perpendicular orientation and defect minimization of block domains. Orientation of 

block copolymers (BCPs) in thin films is crucial to fully exploit the potential of these materials for 

applications in nanotechnology. A new approach will be introduced to induce the perpendicular 

orientation from the top of a BCP film toward a bottom substrate. Functional nano-objects such as 

quantum dots can also be arranged in block copolymer nanotemplates by selective solvent annealing.  

This new approach allows us to realize dual nano-object patterns in two different block regions. 

The second part of the presentation consists of the orientation of microphase-separated domains of 

diblock copolymer thin films deposited on ordered nanoparticle (NP) monolayers. Ordered NP 

monolayers were prepared on silicon substrates with the Langmuir-Blodgett deposition technique. Parallel 

orientation of anisotropic microdomains (cylinders and lamellae) of BCP thin films with respect to the 

substrate is preferred on bare silicon substrates due to the preferential enthalpic interaction with one of 

BCP blocks, while the perpendicular orientation is preferred on the lattice-like ordered NP monolayers 

due to the roughness induced from the NP monolayers which can exert elastic deformation on the 

parallel-oriented microdomains, suppressing the substrate-induced parallel orientation. The effects of NP 

size as well as BCP film thickness on the orientation of BCP domains were systematically studied with 

AFM and Grazing Incidence Small-Angle X-ray Scattering (GISAXS).  
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It has been shown that scanning transmission electron microtomography (STEMT) 

is quite effective for observing specimens with thicknesses on the order of micrometers in 

three dimensions (3D) [1-3]. In STEMT, the specimen is scanned using a focused electron 

beam, and the electrons from the convergence point are detected at the detector placed at a 

certain detection angle. Until recently, a wide detection angle corresponding to the mode 

often called the dark-field (DF-) mode was mainly used. Although the detection angle can 

vary and is one of the crucial experimental factors in STEMT, its effect on 3D reconstruction 

has never been discussed from either an experimental or a theoretical viewpoint. Moreover, 

the effectiveness of another mode of electron tomography, transmission electron 

microtomography (TEMT) [4,5], is not clear. In the present study, a polymeric specimen, an 

ABS resin, with a thickness of 1-µm and a fixed volume was observed using three different 

modes, namely, TEMT, small detection angle STEMT, referred to as bright-field (BF-) 

STEMT, and DF-STEMT, in order to examine their advantages and disadvantages by 

observing multiple scattering of electrons inside the specimen. We may also review some of 

our recent studies using TEMT [6] (if time allows).  
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The Pohang Light Source (PLS) project was started in 1988 and its construction was completed in 

December, 1994. The PLS was designed to provide synchrotron radiation with continuous 

wavelengths down to 0.1 nm. The PLS was operated with 2.0 GeV until 1999 and upgraded to 2.5 

GeV in 2000. The PLS has been serving domestic and international users since September, 1995. 

Currently 30 beamlines are in operation and 2 beamlines are under construction. Eight more 

beamlines are planned to be constructed within next five years. The user community in Korea has 

rapidly grown in number for the last 15 years and their research outputs also steeply increased in 

number (about 3,000 users visit the PLS facility every year) and significantly promoted in quality. 

Now the PLS has two main missions: one is to again upgrade the PLS to have 3.0 GeV power, 5 

nm.rad emittance, 20 insertion device beamlines, and top-up mode operation system (so-called PLS-II 

project, which was started in January, 2009); the other is to construct an X-ray Free Electron Laser 

(XFEL) facility with 10 GeV power which aims to provide an X-ray laser with 0.05-0.1 nm 

wavelength and in femtosecond pulse (which is the PAL-XFEL project under an official review of 

Korean Government).  

The PLS synchrotron radiation sources were used to characterize in detail nanostructures made of 

brush, star, and block copolymers. A variety of novel brush, start and block copolymers were 

designed and synthesized with optimizing functionality and self-assembly capability. In particular, 

brush polymers were extended to use as block components, providing brush polymer based block 

copolymers. Their self-assembly ability was practiced in various aspects of fabrication process in 

order to well control nanostructure, surface and functionality.  

A series of functional brush copolymers based on polyether, polypeptide, polyvinyl, and 

polyimide backbones were synthesized with varying functionality at the bristle ends. In addition, 

several diblock copolymers, including linear and brush block copolymers, were prepared. Some star 

polymers were also synthesized. From these polymers, nanostructures were attempted to form in 

nanoscale thin films by conventional spin-coating and thermal or/and solvent annealing processes. 

The nanoscale thin films were quantitatively analyzed by using synchrotron grazing incidence X-ray 

scattering and reflectivity as well as atomic force microscopy. The surface and functionality of the 

nanostructures were studied in detail. Further, thermal, electrical and optical properties were 

investigated. 

These studies demonstrated that brush copolymers can deliver well-defined nanostructures as well 

as well-controlled surfaces and functionalities, which are highly demanded in nanoscience, 

biomedical science, and information technology. Further, this study found that brush block containing 

mailto:ree@postech.edu


diblock copolymer can also provide very interesting self-assembly structure; moreover the 

self-assembly structures can go thermally induced phase transitions, creating attractive new 

nanostructures. Star polymers also provided very interesting nanostructures. 

These studies were supported by the Korea Research Foundation (National Research Lab Program 

and Center for Electro-Photo Behaviors in Advanced Molecular Systems) and by the Ministry of 

Education, Science and Technology (Brain Korea 21 Program and World Class University Program). 
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Education, Science and Technology, POSCO, and Pohang University of Science & Technology. 
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In this study, we investigated the temperature-dependent phase transition behaviors 

of thin films of an amphiphilic diblock copolymer, poly(ethylene oxide)-b-poly(11-[4-(4-

butylphenyl-azo)phenoxy] undecyl methacrylate) (p(EO)-b-p(MAAZ)) and resulting 

morphological structures by using synchrotron grazing incidence X-ray scattering (GIXS) 

and differential scanning calorimetry. The quantitative GIXS analysis showed that the 

diblock copolymer in the homogeneous, isotropic melt state undergoes phase separation near 

190 °C and then forms a body-centered cubic of p(EO) domain. In further cooling, p(EO) 

domain converted to a stable hexagonal cylinder structure near 120 °C. Also, liquid phase of 

the p(EO) cylinders undergoes crystallization near -15 °C. Complicated temperature- 

dependent disorder-order and order-order phase transitions in the films were found to take 

place reversibly during the heating run. We use these structural analysis results to propose 

molecular structure models at various temperatures for thin films of the diblock polymer. 
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We have carried out grazing incidence X-ray scattering measurements and specular X-ray 

reflectivity analysis of the nanoporous structures of low dielectric constant (low k) carbon-

doped silicon oxide (SiCOH) films, which were prepared with plasma-enhanced chemical 

vapor deposition (PECVD) from vinyltrimethylsilane, divinyldimethylsilane, and 

tetravinylsilane as silane precursors and oxygen gas as an oxidant and then thermally 

annealed under various conditions. In addition, we measured the refractive indices and 

dielectric constants of the dielectric films. The nanoporous SiCOH thin films produced in the 

present study were homogeneous and had well-defined structures, smooth surfaces, and 

excellent properties and, thus, are suitable for use as low k interdielectric layer materials in 

the fabrication of advanced integrated circuits. In particular, the vinyltrimethylsilane 

precursor, which contains only one vinyl group, was found to produce SiCOH films after 

PECVD and annealing at 450 °C for 4 h with the highest population of nanopores and the 

lowest electron density, refractive index, and dielectric constant. 
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We have succeeded in fabricating well-grown molecular fibers of a 

poly(benzyloxycarbonyl-lysine), on substrates by using a conventional solution spin-coating and 

drying process. The polypeptide was synthesized by carrying out the ring-opening 

polymerization of benzyloxycarbonyl-lysine. The resulting films were quantitatively analyzed by 

AFM, FTIR and GIXS. These molecular fibers were found to consist of a honeycomb-like 

molecular assembly formed via the hexagonal close packing of the polypeptide chains in the 　-

helix conformation. The molecular dimensions of single chains were estimated to be 1.53 nm 

diameter and 3.04 nm length. From the molecular parameters of 　-helical polypeptide chain, 

GIXS pattern was regenerated successfully. In addition, developed fibers were shown different 

fibril length and domain size in the films fabricated from different solution, THF and DMF. 

These differences might be due to the differences between the characteristics of THF and DMF. 

Therefore molecular mobility was affected by the solution during the film formation process. 
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We studied the molecular shapes and structural characteristics of a 33-armed, star 

polystyrene (PS-33A) and two 3rd-generation, dendrimer-like, star-branched poly(methyl 

methacrylate)s with different architectures (PMMA-G3a and PMMA-3Gb) and 32 

end-branches under good solvent and theta (Θ) solvent conditions by using synchrotron small 

angle X-ray scattering (SAXS). The SAXS analyses were used to determine the structural 

details of the star PS and dendrimer-like, star-branched PMMA polymers. PS-33A had a 

fuzzy-spherical shape, where PMMA-G3a and PMMA-G3b has fuzzy-ellipsoidal shapes of 

similar size, despite their different chemical architectures. The star PS polymer’s arms were 

more extended than those of linear polystyrene. Furthermore, the branches of the 

dendrimer-like, star-branched polymer were more extended than those of the star PS polymer 

despite having almost the same number of branches as PS-33A. The differences between the 

internal chain structures of these materials was attributed to their different chemical 

architectures. 
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Block copolymer adopts various nanoscale morphologies via microphase separation. 

The phase is governed by total number of segment (N), composition (f) and interaction 

parameter (χ) of each blocks. In diblock copolymer, which is the simplest one composed of 

two chemically different polymers, several structures such as lamellar , hexagonally packed 

cylinder, spheres arranged in body centered cubic lattice, double gyroid and hexagonally 

perforated lamellar are well established and recently Fddd phase was experimentally found in 

bulk state. Fddd phase is a three dimensional network morphology, of which the skeleton of 

the minor block consists of 3-fold connectors in orthorhombic unit cell with Fddd space 

group.  

In this study, we identified Fddd phase in diblock copolymer thin film using 

tranmission electron mictrotomography. When ordered morphology is fabricated onto a Si 

wafer, their orientation is influenced by the thin film confinement. The specific plane which 

makes the densest packing at out of direction is located to parallel to the film plane. Fddd 

phase is well aligned at the out-of-plane direction by interfaces without mechanical shear 

force. And interfacial layer deviated from internal structure, Fddd. 
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In the past decade, inorganic nano-filler have been attracting increasing attention in the 

scientific and industrial community as they are capable of improving the mechanical and 

physical properties of the polymer. [1-3]. Lots of research literatures have been reported that 

the addition of inorganic nanofiller; such as clay, silica, carbon nanofiber and carbon 

nanoparticles; in the polymer can improve its mechanical, thermal and electrical properties. 

Their nanometer size, shape and distribution leading to high specific surface areas and 

extraordinary mechanical, electrical, and thermal properties make them become unique 

nano-fillers for structural and multifunctional composites. However, to date, few work has 

been devoted to the quantitatively characterization method both in nano and micro scale for 

the structure and dispersion of the nano-filler in the polymer based on scanning probe 

microscopy (SPM) techniques. 

 

In the present study, the polymer nanocomposites apply to hybrid conductive electrode 

films were fabricated with carbon nanoparticles and home-made specified polymer. Since the 

dispersion and distribution of carbon nanoparticles would affect the electrical properties of 

the nanocomposites film, therefore, it was an important issue to resolve the dispersion of 

carbon particles in the polymer. The quantitative measurement of carbon particles dispersion 

in the polymer was developed in this study. Including: 1. flat specimen preparation procedure 

for SPM with surface roughness below 1 um, 2. production of high resolution morphological 

images, phase images and current images of SPM, and 3.quantitatively calculation method of 

the dispersion of carbon nanoparticles in the polymer. The detail of the quantitatively method 

for dispersion of nano-fillers proposed will be presented in this conference. 
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Polymers are very interesting materials for ultra high-data-density storage media. 

Hereby writing and reading can be realized by scanning probe microscopy methods and data 
densities beyond 1 Tbit/inch2 were reported, recently [1]. Here we present our investigations 
on plasma polymerized thin films which can be specifically tailored to the requirements of 
ultra high-data-density storage media. In particular, stacks of polymer films were 
characterized by means of scanning probe microscopy methods and X-ray reflectivity (XRR) 
measurements. Stacks of polymers were deposited via plasma-polymerization [2-3] on top of 
spin coated polystyrene (PS) films or on Si wafer substrates. Two different precursor 
monomers were investigated which vary in their oxygen content: Hexamethyldisiloxane 
(HMDSO) (C6H18OSi2) and norbornene (C7H10). The plasma dissociates precursor monomers, 
generates radicals which may react with each other and thus lead to a film formation on top 
of all surfaces in the reactor chamber. Furthermore surfaces in the plasma reactor are exposed 
to the bombardment of ionized species which may influence substrate properties. By 
increasing the plasma power more radicals can be formed which often result in a higher 
crosslinked polymer film. Thus, the mechanical properties of the polymer film can be 
adjusted for a specific application. In order to further control the film properties the plasma 
deposition process can be performed in the presence of additional gases in the plasma reactor, 
e.g. oxygen. 

We investigated stacks of films made by plasma polymerization of HMDSO deposited 
under alternating plasma conditions leading to an alternation of mechanical properties [4]. 
Scanning force microscopy on the face-side of fractured pieces of the multilayer structures 
revealed a significant phase contrast between the layers. The direct visualization of the 
interface using the mechanical contrast between layers allowed the estimation of the 
interfacial roughness. We found that the interfaces between hard, oxygen rich HMDSO films 
deposited on top of softer, oxygen-poor HDMSO films resulted in an interface roughness of 
10 nm. In the reverse case, a significantly lower interface roughness of 3 nm was determined. 



We attribute the increase of the interfacial roughness compared to the surface roughness 
being < 1 nm to partial etching of the films by the subsequent deposition process.  

The knowledge that was obtained with the stack of plasma deposited layers was 
extended to the investigation of hyper thin plasma polymer layers that were deposited on spin 
coated polystyrene substrates. Such hyper thin films with thicknesses < 10 nm can be used as 
suitable wear resistant cover layers for high density data recording. A hyper thin polymer 
cover layer is required to enable thermomechanical writing in the layered medium using 
scanning probe methods. Thus the exact thickness, the surface and the interface roughness 
plays a crucial role in the performance of the high density data storage medium. Results from 
XRR measurements showed that the plasma polymerized norbornene films had thickness 
below 10 nm with an measurement accuracy better than 1 nm. Furthermore, XRR showed 
that the interface between the plasma deposited cover and the spin coated PS layer has a 
roughness of about 10 Å. This interface roughness is significantly higher compared to the 
surface roughness of spin coated PS only (5 Å). This effect can be explained by etching of the 
PS layer during the plasma process. Although the interface roughness is increased, wear 
resistivity depends on the binding strength between the PS and the cover layer. This binding 
strength is increased by creating more reactive binding sites on the PS surface during etching 
of the surface. Thus, the stack investigated here showed an excellent wear resistivity in 
comparison to the uncovered PS media.  

Our characterization of stacked polymeric systems leads to insights of the interface 
roughness between thin polymer layers. We demonstrated that hyper thin plasma deposited 
polymer layers can significantly enhance the wear properties of soft polymer storage media. 
Writing and reading of plasma polymer covered PS films were demonstrated at an area 
density > 1 Tbit/inch2. 
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DNA has been shown to be an extremely versatile building material that is suitable for 

artificial nanomotor and nanomachines owing to self-assembly ability. i-motif is a four-stranded 

DNA structure that forms intramolecular noncanonical base pair interactions between a 

protonated and an unprotonated cytosine residue under slightly acidic conditions. Understanding 

of the detailed three-dimensional (3D) structure of i-motif DNA at various pH values is 

becoming an important challenge in the design of DNA-nanoactuator devices and biological 

cycle operating systems. We have investigated for the first time the structure of i-motif DNA in 

solution at various pH conditions by using synchrotron small-angle X-ray scattering technique. 

To facilitate direct structural comparison between solution structures of i-motif DNA at various 

pH values, we created atomic coordinates of i-motif DNA from a fully folded to unfolded atomic 

model. Under mild acidic conditions, the conformations for i-motif DNA appeared to be similar 

to that of the partially unfolded i-motif atomic model in overall shape, rather than the fully 

folded i-motif atomic model. On the other hand, i-motif DNA adopted fully folded random coil 

conformation bearing some resemblance to the simulated right handed helical conformation 

under alkali condition. Collectively, our observations indicate that i-motif DNA molecule is 

structurally dynamic over a wide pH range, adopting multiple conformations ranging from the 

folded i-motif structure to a random coil conformation. As the i-motif structure has been used as 

an important component in nanomachines, we can therefore believe that the structural evidence 

presented herein will promote the development of future DNA-based molecular-actuator devices. 
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Most of the applications of Polyimides (PIs) are their use in liquid crystal (LC) 

alignment layers in flat-panel LC display (LCD) devices.1-3 In the present study we 

synthesized three new soluble and photoreactive polyimides (PSPIs) bearing cinnamoyl, 3-(2-

furyl)acryloyl, and methacryloyl chromophores,and characterized their thin films with and 

without linearly polarized UV light (LPUVL) exposure or rubbing treatment, in particular 

investigating their thermal properties, photoreactivity, photoalignability, rubbing-alignability, 

molecular orientation, and surface topography, as well as their alignability, pretilting and 

anchoring of LC molecules. These PSPIs were found to have excellent properties and 

processabilities that make them suitable as LC alignment layer materials for the rubbing-free 

production of LCD devices, particularly LCD devices with large display areas such as LCD 

televisions. 
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Many kinds of brominated flame retardants (BFRs) are used as additives for plastic 
materials. The impact of BFRs on the environment and their potential risks for animals and 
humans is big concern for the scientific community. Recently, the analysis methods of low-
molecular-weight BFRs were developed and the information about their risks began to be 
accumulated. On the other hands, the investigation about analysis methods or risk assessment 
of high-molecular-weight BFRs has not progressed enough. 
In this study, the structural analysis of the high-molecular-weight BFRs were investigated by 
using a pyrolyser (Py) combined with gas chromatograph – time-of-flight mass spectrometer 
(GC-TOFMS) system and matrix-assisted laser desorption/ionization (MALDI) – Spiral 
TOFMS system1), a very high resolving power MALDI-TOFMS system. In addition, the 
thermal degradation of such BFRs was also evaluated by using a direct analysis in real time 
(DART)2) – TOFMS system. 

Brominated flame retardant polycarbonate (FRPC), a high-molecular-weight BFR, 
was purchased from NIHON-KAGAKUJYOHO Ltd. FRPC sample dissolved in 
tetrahydrofuran (THF) was directly applied for Py-GC-TOFMS analysis without further 
sample preparation. The same sample solution was analyzed by DART-TOFMS. Volatile 
compounds generated from FRPC at 300  DART gas stream condition were detected. The ℃

FRPC sample solutions were also analyzed by the MALDI-SpiralTOFMS. Both of fresh 
sample and the sample that had been analyzed by DART-TOFMS were analyzed to 
investigate the thermal degradation of FRPC under the 300  DART gas stream condition.℃  

Mass spectrum signals of the fresh FRPC sample measured by MALDI-
SpiralTOFMS using trans-2-(3-(4-t-Butyl-phenyl)-2-methyl-2-propenylidene)malononitrile 
(DCTB) as a matrix distributed in the range of m/z 900 – 20,000. Mass spectral peaks around 
m/z 920 showed a typical isotopic pattern of brominated compounds. This pattern suggested 
that the signals were of the FRPC monomer that contains four bromine atoms. Other peaks 
were attributed to dimer, trimer, etc., up to (and beyond) triacontamer. 



 

The measured accurate m/z value of the monoisotopic ion of the sodiated FRPC monomer 
was 914.9136. The elemental composition of the ion was deduced as C37H36O6Br4Na, 
suggesting that the end group on either end is tert-butylphenyl group. The result of Py-GC-
TOFMS analysis also suggested the presence of tert-butylphenyl group in the FRPC sample. 

With the DART-TOFMS analysis, no apparent MS signals were observed under 
200  DART gas stream condition, but the MS signal from FRPC monomer was detected at ℃

300 . The FRPC sample that had been exposed to the 300  DART gas stream was re℃ ℃ -
analyzed by MALDI-SpiralTOFMS and the mass spectral peaks attributed to the thermal 
degradation products of FRPC were clearly observed. 

In this study, we achieved to collect the overall information of a high-molecular-
weight BFR, FRPC, by using the combination analysis of DART-TOFMS, Py-GC-TOFMS 
and MALDI-SpiralTOFMS. Especially, it is suggested that the high mass-resolving power of 
SpiralTOFMS has an advantage for the analysis of brominated compounds such as BFRs that 
gives a complicated mass spectrum due to their isotopic distribution. The combination of 
DART-TOFMS and MALDI-SpiralTOFMS allowed for the easy detection of the volatile 
compounds and the thermal degradation products from FRPC. 
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Wide Mass Range Spectrum of FRPC obtained by MALDI-SpiralTOF 
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A hydrogel is a material that has a 3D network structure consisting of long chain molecules 

cross-linked to each other. Hydrogels are greatly interesting due to their promising 

applications in diverse fields such as sensors, adsorbents, and drug delivery system in 

pharmacy. We presented a novel method of synthesis of hydrogels having pure network 

structure. The hydrogels were directly prepared by polymerization on peroxide surface 

generated by irradiating 60Co gamma-ray on the surface of silica particle. The peroxidized 

nano-particles acted as both an initiator and a cross-linker in a mixture of peroxideized nano-

particles and acrylic acid. 

To verify the mechanism of the formation of hybrid systems with silica particles and 

poly(acrylic acid) (pAA), we tried to change the size and concentration of silica particles and 

monomers, and to characterize the hydrogels by Raman, ATR-IR, and solid 13C NMR. The 

chemical bondings of hydrogel are checked by wide area illumination (WAI) scheme, called 

wide Raman spectroscopy. Raman spectra of hydrogels show the Si-O-C bonding between 

silica particle and acrylic acid (Figure 1). At 1620cm-1 peak is corresponding to the C=C 

bonding from acrylic acid monomer that remained in hydrogels. Characterization peak at 

820cm-1 is the combination of Si-O-C and pAA chain. We analyze the peak of 820cm-1 with 

Gaussian distribution fitting to explain the bonding between the particles and pAA. 
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Figure 1. Raman spectra of hydrogel having different size of silica particle. 
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A series of star-branched sodium poly(styrene sulfonate) (NaPSS) polymers with low 

polydispersity and near quantitative sulfonation was synthesized by using anionic polymerization 

and post-polymerization sulfonation. Thermogravimetric analysis was demonstrated to be a 

useful tool for analysis of NaPSS. The resulting polyelectrolyte stars were characterized in 

aqueous solution by a combination of size exclusion chromatography, static and dynamic light 

scattering, and viscometry. The radius of gyration based shrinkage factors, g, for the NaPSS stars 

were consistently slightly larger than those measured for their uncharged precursors in a 

thermodynamically good solvent but were in good accord with theoretically predicted values 

(Zimm-Stockmayer). In contrast to the well-known behavior of linear polyelectrolytes, the 

reduced viscosities of star-branched NaPSS in the no salt limit were found to fit a simples 

Huggins relation at low concentrations of polymer. Star NaPSS was adsorbed onto cleaved mica 

from pure water and aqueous salt solution, followed by imaging with atomic force microscopy 

(AFM). Radii estimated from AFM were found to correlate with radii measured in solution. 
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We quantitatively investigated the temperature-dependent phase transition behaviors in 

thin films of an interesting semirod-coil diblock copolymer, poly(styrene)-b-poly 

(oligothiophene side chain modified isoprene) (PS-b-POTI), and the resulting morphological 

structures using synchrotron grazing incidence X-ray scattering combined with DSC. These 

analyses provided detailed information about the morphologies of the phase-separated 

domains and the molecular structures formed in each domain. At room temperature, the 

diblock copolymer molecules in thin films were found to form an alternately stacked 

structure comprised of amorphous PS and smectic-A POTI microdomains whose stacking 

direction is parallel to the film plane. On heating, the films underwent a phase transformation 

to a hexagonal cylinder structure with cylindrical POTI domains in the PS matrix oriented 

normal to the film plane. This phase conversion is induced by the transformation of the POTI 

domains from a smectic-A phase to an isotropic phase, where the smectic-A phase is 

composed of a laterally ordered structure of interdigitated bristles in the POTI blocks. On the 

basis of these structural analysis results, we propose models for the molecular structures of 

the diblock polymer thin films at various temperatures. 
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The seating system occupies the major portion of the total automotive coach space 

and plays a critical role in occupant safety during crash. The robust design and desired 

performance of the seat under dynamic impact loading is indispensable. This study evaluates 

the efficacy of the use of polymer material (EPP) as a replacement of understructure of the 

automotive seats. The performance of EPP has been evaluated by numerical simulations. In 

this simulation, the multi-body models of 50 percentile RH III dummy and seating systems 

are used. The results show that the performance of the seat has improved. It has been 

observed that occupant safety parameters have significantly improved. The simulations also 

show that the EPP structure absorbs more energy as compared to the traditional 

understructure of steel. 
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Nanomechanical thermal analysis (NTA) was used to study the glass transition 

behaviors of Poly(styrene-b-methyl methacrylate). A few nanogram samples of Poly(styrene-

b-methyl methacrylate) with different molecular weight ratio were coated onto the one side of 

silicon microcantilevers, and the variations with temperature in the deflection, Q factor and 

resonant frequency of the cantilevers were measured simultaneously. The changes in the 

resonance frequency and the inverse of the Q factor of the cantilever are related to the 

variations in the elastic modulus and the loss tangent of Poly(styrene-b-methyl methacrylate), 

respectively. The difference between the volume expansion coefficients of Poly(styrene-b-

methyl methacrylate) and silicon induced the cantilever to bend, and this variation was used 

to determine the glass transition temperature as well as the physical properties of the 

Poly(styrene-b-methyl methacrylate) sample.  
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We synthesized polyurethane microcapsules containing chlorobenzene using interfacial 

polymerization and measured thermomechanical properties of a single microcapsule using 

silicon microcantilevers. A chlorobenzene-containing polyurethane microcapsule was placed 

on the free end of a silicon cantilever, and the temperature dependence of the resonance 

frequency was measured. As the cantilever was heated, the resonance frequency showed step-

like increases at 109 and 270 °C due to the rupture of the capsule and the thermal degradation 

of the polyurethane shell, respectively. The frequency changes due to the rupture of a single 

capsule measured by the cantilever were much sharper than the transitions measured by 

conventional thermogravimetric analysis (TGA), which measures the average mass change of 

a collection of capsules characterized by a large size distribution. When two capsules were 

placed on the cantilever, their individual rupture temperatures could be clearly identified. In 

addition, the permeability of the polyurethane shell with respect to chlorobenzene was 

measured, and rupture temperature was found to decrease with increasing permeability. 
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Blending two or more immiscible polymers is a well known technique to improve some 

crucial characteristics such as mechanical, morphological and thermal properties in multi-

component systems. It is understood earlier that the final properties of a polymer blend is 

strongly affected by several factors; e.g. composition, viscosity ratio, interfacial tension, 

shear rate, elasticity, and processing conditions [1]. Furthermore, employing a suitable 

coupling agent causes increasing the interfacial adhesion between minor(s) and major phases 

through blending immiscible polymers [2, 3]. It is shown that the final properties of extruded 

compounds are directly functions of processing conditions [4, 5]. Among these parameters, 

screw speed can be highlighted as an indication of shear effect on flow field inside the 

channel of a twin-screw extruder. In this work, we are interested to study the mentioned 

parameter in PP/PC/SEBS ternary blend. The SEBS-g-MAH is employed as a coupling agent 

to improve the interfacial bonding in as well. Three screw speeds of 70,100 and 130 rpm are 

those selected as processing variables based on blend characteristics [2, 3]. The composition 

of ingredients is kept constant for all three blends herein: 70%wt PP, 15%wt PC, 7.5%wt 

SEBS, and 7.5%wt SEBS-g-MAH. Testing samples are produced by using Brabender twin-

screw extruder and the Izod impact strength of notched specimens is according to the ASTM 

D-256 using Zwick pendulum-type tester. It is observed that the impact strength of the 

PP/SEBS/PC ternary blend is extensively influenced by the screw speed and a linear trend 

can be recognized in the range of screw speed alterations. 

Keywords: Impact Strength, Screw Speed, Polymer blends, Twin Screw Extruder 
 
 
References 
 
[1] B.D. Favis, J App Polym Sci, 1990, 39,285-300. 
[2] L. A. Utracki, Polymer Alloys and Blends, Oxford Univ. Press New York,1989 . 
[3] M. Xanthos, “Reactive Extrusion, Principles and practice”, Hanser: Munich, 1992, 55-199. 
[4] L. Levitt, and C. Macosko. Polym Eng Sci, 1996, 36, 1647-1655,. 
[5] A.N.Wilkinson, M.L. Clemens, V.M. Harding, Polymer, 2004, 45, 5239. 

 



P18 

Nanomechanical Thermal Analysis of Photosensitive Polymers  

during Photodegradation Using Microcantilever Platform 
 

YUN, MINHYUK, IM, CHANGYONG , JUNG, NAMCHUL , JEON, SANGMIN* 

 

Department of Chemical Engineering, Pohang University of Science and Technology, Pohang,  

790-784, Korea 

*E-mail: jeons@postech.ac.kr 

 

Poly(methyl methacrylate) (PMMA) and Poly(vinyl cinnamate) (PVCN) are one of 

photosensitive polymer. When irradiated by 254nm UV light, PMMA undergoes cleavage of 

ester side group to lead main chain scission, and the cinnamate side group of PVCN goes 

through [2+2] cycloaddition reaction to form crosslink network. In comparison to the not-

irradiated PMMA and PVCN, the crosslinked PMMA and PVCN have different mechanical 

and thermal properties, such as surface stress, modulus and Tg (Glass transition temperature). 

Using Nanomechanical thermal analysis (NTA) based on microcantilever platform, here we 

measured resonant frequency and deflection of PMMA- and PVCN-coated microcantilever 

and observed mechanical and thermal properties with increasing crosslinking density. The 

surface stress, modulus and Tg of PMMA were observed to decrease under UV irradiation, 

and those of PVCN increased.  
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Macromolecules of biopolymers have the most difficult structure among other types 

of polymers. The structure and, hence, the way the biopolymer are functioning, is determined 

by their amino acid (AA) sequence. Reading the sequence, determination of variations of 

sequence as a result of mutations, rearrangements of AA residues, or post-translation 

modifications are important tasks of analytical chemistry related to wide scope of problems in 

the Life Science. 

Liquid chromatography (LC) is a widely accepted step in sequencing based on the 

mass spectrometry (MS) and used to simplify the mixtures of peptides in the digests before 

the MS based identifications. Until recently, that was the only role for LC, although it is quite 

obvious that the mechanisms behind the separation are determined by the physical properties 

of biopolymers, and, therefore, the retention volume should correlate with their structures. 

Similar to polymers, the adsorption of biopolymers reflects a balance between the interaction 

energy and the entropy losses near the surface, and further depends on the spatial correlation 

between AA residues bonded into a chain. Therefore, an order of AA in a sequence and their 

modifications affect the macromolecule’s retention volume. Can LC be used for the 

identification of protein sequences, their modifications and mutations? 

In the polymer LC an adsorption critical point plays a key role. This point divides 

adsorption and exclusion separation modes, and separation near that point is highly sensitive 

to the particular chain structure. Separation mechanism in this critical region is described in 

terms of ideal chain adsorption model. Application of this model to biopolymers (called 

Liquid Chromatography of Biopolymers at Critical Conditions, BioLCCC) provides with 

universal viewpoint on the basic features of their separation [1]. This model establishes the 

quantitative relation between the retention volume and AA order in a chain. Thus, the 

separation of biopolymers depends on both the AA composition and the AA sequence. 

Biopolymers having the same AA compositions but different AA order, as well as different 

locations and numbers of modified AA in a chain, may have quite different retention volumes. 



 

In this presentation we describe the proposed approach to extract information regarding the 

biopolymers’ sequence from the chromatographic data. Specifically, we will focus the 

attention on the following problems: (1) the mechanism of biopolymers separation under 

gradient LC that results in sequence dependent retention volume; (2) prediction of the 

biopolymers’ retention volumes based on their sequence; and (3) the utility of prediction 

algorithms for filtering and/or validation of MS-based identifications. 
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The increasing importance of the fractionation and characterization of various 

nanoparticles and micron-sized particles of the synthetic, polymer, and natural origin requires 

a deeper understanding of the mechanisms of transport phenomena leading to the separation, 

or accompanying it. Several separation techniques are suitable for the determination of 

particle size distribution (PSD) or just for the fractionation of polydisperse samples in order 

to obtain the fractions of narrower PSD. Field-Flow Fractionation (FFF) belongs to the 

methods which can conveniently be applied to separate and characterize the mentioned 

species. The new Microthermal FFF has already been used to fractionate the synthetic 

polymers, various nanoparticles, and micron-sized particles on the basis of differences in 

molar mass of the polymers or of differences in size of the particulate species [1]. The 

theoretical analysis presented in this study indicates that Microthermal FFF is a good 

candidate to separate the particles also according to differences in their shape.  

The differences in the ratios of the rotational as well as the translational diffusion 

coefficients of the non-spherical to spherical particles, the heterogeneity of thermal 

conductivity of the particle body, and the heterogeneity in surface chemical nature make 

possible to separate the particles according to differences in shape. 

Since the local entropy production related to the particle body must be positive, the 

rotational Brownian movement of a particle in temperature gradient is restricted [2-4]. In the 

steady state, both spherical and non-spherical particles can be oriented with regard to the 

unidirectional temperature gradient. Such an orientation can occur if the particle exhibits the 

heterogeneity either of the chemical nature of its surface or of thermal conductivity of its 

body. The orientation of spherical and non-spherical particles whose different parts exhibit 

different thermal diffusion coefficients DT is schematically demonstrated in Figure 1. Entropy 

driven orientation causes a change in the velocity of the rotational motion and translational 

mailto:jjanca@ft.utb.cz


thermophoretic displacement of a particle in comparison with a spherical particle of the same 

volume, suspended in the same liquid. Since the ratio of thermal diffusion coefficient DT to 

translational diffusion coefficient D determines the retention in Microthermal FFF and the 

orientation of the non-spherical particles has an impact on D, it should allow the separation of 

spherical and non-spherical particles of the same volume. 

 

Temperature gradient 

 
DT < DT 

      
 
 

Figure 1. Schematic representation of the orientation of the spherical and non-spherical particles 
exposed to temperature gradient and exhibiting heterogeneous nature of their surfaces and thus the 
differences in thermal diffusion coefficients of different parts of particle surfaces. 
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Graft copolymer is a polymer having side chains composed of different monomers to that 

of the main chain. Since the backbone and graft chains are generally incompatible, most graft 

copolymers are multiphase materials exhibiting unique and interesting morphologies.1) 

Usually graft copolymers are characterized by size exclusion chromatography. But it is not 

enough to characterize synthetic graft copolymers because they often include side products. 

Two-dimensional liquid chromatography (2D-LC) is a combination of adequately selected 

two different LC separation methods and it has been used to effectively characterize bivariate 

distributions existing in synthetic polymers.  

In this study, we analyzed PS-g-PI graft copolymers with 2D-LC by combining liquid 

chromatography at the critical condition (LCCC) and size exclusion chromatography (SEC). 

The polystyrene-graft-polyisoprene (PS-g-PI) was prepared by tailored anionic 

polymerization to yield precisely spaced graft chains. LCCC permits the characterization of 

individual blocks of copolymer by making one block chromatographically "invisible".2) PS-g-

PI was separated with respect to its PI block length by LCCC, which is at the critical 

condition of PS. Fractionated polymers were characterized by SEC. 
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Size Exclusion Chromatography (SEC) separates polymer molecules by their size in 
dilute solutions, but it has been a matter of debate for decades what size parameter to use. It is 
widely believed that SEC separates polymer molecules by their equilibrium partition coefficients 
between a dilute bulk solution phase located at the interstitial space and confined solution phases 
within the pores of the column packing material.1-4 The seminal work of Grubisic, Rempp and 
Benoit5 demonstrated that polymer molecules, regardless of details in chemical composition and 
chain architecture, follow a so-called universal calibration curve in a plot of the hydrodynamic 
volume of a given fraction of a polymer versus the SEC retention volume of that fraction. The 
presence of the universal calibration curve indicates that polymer molecules are partitioned 
between bulk and confined solutions according to their hydrodynamic volume. However, as the 
hydrodynamic volume is a dynamic quantity, it has been puzzling for decades that a process 
which is believed to be an equilibrium phenomenon is controlled by a dynamic property of 
polymers.  

In an attempt to resolve this dilemma, Sun et al.6 carried out an extensive experimental 
study in 2004 with three groups of nearly monodisperse polymer samples including linear 
polystyrenes, linear polyethylenes and branched polyethylenes with several types of long chain 
branching. Measurements of radius of gyration, molecular weight, intrinsic viscosity and elution 
volume of these various samples revealed a rather puzzling conclusion that the radius of gyration 
correlates with the elution volume of linear chains more satisfactorily than does the 
hydrodynamic volume, while the reverse is the case for branched chains. As was also shown in 
the experiments by Farmer et al.7 with polystyrene samples of linear, comb and centipede 
architectures, the branched chains deviate from the radius of gyration versus retention volume 
curve determined by linear ones, with the most heavily branched samples deviating the most.  

Complementary to SEC experiments, theoretical studies on the partitioning of polymer 
chains are also valuable in understanding the separation mechanism in SEC. Efforts have been 
directed to finding the most relevant molecular size parameter that characterizes the equilibrium 
partition coefficients for different polymer architectures.3,4,8-11 It is now known that the answer is 



the mean span dimension.9-11 In the range of the partition coefficient relevant to SEC separation, 
linear and various types of branched polymer chains follow a nearly universal curve in the plot of 
the partition coefficient as a function of the mean span dimension for a given pore geometry; 
however, this is not the case, if the partition coefficient is plotted against some other size 
parameters such as the radius of gyration and the hydrodynamic radius.10,11 

We have recently carried out detailed calculations of the partition coefficients and the mean span 
dimensions for various types of branched architectures including those studied by Sun et al. in 
Ref. 6.11 A brief summary of our results will be reported in this poster presentation. In particular, 
we demonstrate the consistency between theoretical calculations and experimental data. An 
explanation is provided to the aforesaid rather puzzling experimental findings. Examples are 
shown to illustrate how the use of the mean span dimension could improve the interpretation of 
SEC data. 
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For the characterization of branching, size exclusion chromatography (SEC) coupled 

with viscosity detector and light scattering detector has been employed on the basis of the 

Zimm-Stockmayer theory.1 However, SEC separates the polymers according to the 

hydrodynamic volume only and is incapable of fractionating the polymers with complex 

chain architecture into homogeneous fractions. On the other hand, temperature gradient 

interaction chromatography (TGIC) is able to separate branched polymers with far better 

sensitivity to molecular weight than SEC.2 

In this study, we demonstrate the use of the temperature gradient interaction 

chromatography (TGIC) to characterize the partially deuterated comb shaped polymers. 

Normal phase TGIC can separates the comb polymer according to the molecular weight quite 

well. We also found that a significant isotope effect exits in the reverse phase TGIC retention 

between deuterated and hydrogenous polymers. Taking advantage of the isotope sensitivity of 

RPLC, the comb polymers are cross fractionated by NPLC and RPLC, and the two 

dimensional mapping with respect to the backbone chain length and the number of side-

chains is fully established. 
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Block copolymers can spontaneously self-assemble in a selective solvent to form micelles of 

various morphologies, such as spherical micelle, cylindrical micelle, vesicle and so on.1 Recently, 

Huang et al. reported the donut-shaped micelles of highly uniform shape and size using PI-b-P2VP 

(polyisoprene-block-poly(2-vinylpyridine)) in polar solvents.2  

The composition of block copolymer affects the morphology of micelles formed in solution so that 

the shape and size of donut micelles could be modified if we control the composition. We tried to 

obtain PI-b-P2VP of different compositions by fractionating an anionic-polymerized PI-b-P2VP by 

temperature-gradient interaction chromatography (TGIC). 

In this study, we fractionated PI-b-P2VP by RP-TGIC according to the PI block size since the 

nonpolar stationary phase in the column interacts with the PI block more strongly. The shape and size 

of PI-b-P2VP micelles were investigated by AFM. 
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High-impact polystyrenes (HIPS) used for cover materials of office automation 

systems such as printers and photocopiers are often recovered for material recycling. In this 

process, it is important to know the degrees and mechanisms of deterioration of the materials 

for efficient recycling. In this work, photodegradation behavior of HIPS was investigated by 

pyrolysis-gas chromatography (Py-GC). 

HIPS usually contains several percent of butadiene rubber (BR) component to 

improve its shock resistance. In the pyrogram of an ordinary HIPS, minor but distinct peaks 

of butadiene monomer and dimer were clearly observed along with major peaks of styrene 

monomer, dimer and trimer from polystyrene main chain. On the other hand, in the case of 

ultraviolet-irradiated HIPS, the peaks of butadiene monomer and dimer almost disappeared in 

the pyrogram while the styrene-related peaks were still observed similarly to those for the 

original HIPS. This fact suggests that the photodegradation of HIPS is mainly caused by the 

decomposition of BR components accompanied with the deterioration especially on the 

impact properties. Furthermore, as for the market-recovered HIPS for cover materials, the 

degrees of yellowing of the materials were well correlated with the decrease in the relative 

peak intensities of butadiene monomer and dimer observed in their pyrograms. This result 

demonstrated that degree of deterioration of HIPS is conveniently evaluated by Py-GC on the 

basis of the intensities of the BR related peaks observed in the programs. 
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Structural characterization of the cross-linking networks in cured resins has been not an 

easy task even using advanced spectroscopic methods mainly because of their insoluble nature.  

Recently, the authors reported a technique to analyze the chain length distribution of network 

junctions in photocured acrylic resins using matrix assisted laser desorption/ionization mass 

spectrometry (MALDI-MS) combined with supercritical methanolysis of the resin samples1,2). 

Here the resin samples sealed with methanol were decomposed under supercritical conditions to 

form a series of the methyl acrylate (MA) oligomers reflecting the sequences of network 

junctions, followed by the MALDI-MS measurements of the methanolysis products.  The 

observed MALDI mass spectra showed a series of peaks of MA oligomers, in the m/z range up to 

around 4,000.  This fact demonstrated that relatively longer sequences of network junctions (at 

least 50 acrylate units) were formed during the photocuring in the given resin samples. 

In this work, thermosetting allyl ester resins were characterized basically by the same 

approach. In this case, to surpress side reactions such as dehydrogenation, the decomposition of 

the cured allyl ester resin samples was performed in tetramethylammonium hydroxide (17%) 

solution in methanol at lower temperature around 100°C. Several series of poly(allyl methyl 

ether)s with various end groups were observed in MALDI mass spectra of the decomposition 

products reflecting the sequence of network junctions, which were then successfully interpreted 

in terms of the thermosetting conditions such as temperature and time. 
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A technique for analyzing polymers with FTIR or MS (MALDI, DART) after automatic 

fraction separation of SEC has been studied. IR spectroscopy gives useful information concerned 
with molecular functional groups. MALDI-MS is a powerful tool for not only determining a 
molecular weight distribution but also characterizing the repeat units and end groups of polymers 
[1]. DART-MS enables observation of the pyrolysis products in the condition of high temperature 
ion source (over 400 degrees centigrade). Our previous report showed that SEC-DART-MS could 
identify some kinds of polymers for each fraction [2]. In this work, we showed SEC-IR and 
SEC-MS could characterize the model polymer sample consisted of polycarbonate (PC; Mw = 
26,000)/poly(methyl methacryrate) (PMMA; Mw = 124,000). 

Samples were prepared for each measurement. The fractions separated with SEC were spotted 
on the plate automatically, followed by the measurements of FTIR, MALDI-MS, and DART-MS. 

Using SEC-FTIR, the peak of C=O vibration mode (1731 cm-1) of PMMA was observed in 
the high molecular weight fractions, while the peak of C=O vibration mode (1788 cm-1) of PC 
was strongly observed in the low molecular weight fractions (Fig. 1). In Fig. 2 
(SEC-MALDI-MS), the molecular weight distribution of PC was determined for each fraction. 
Moreover, the PC series which had different end groups were identified. In Fig. 3 
(SEC-DART-MS), the pyrolysis ion of PMMA was detected in the high molecular weight 
fractions, while the PC pyrolysis ions were observed in the low molecular weight fractions. 
Therefore, we obtained the information that PMMA was the main component in the high 
molecular weight fractions and PC was detected mainly in the lower molecular weight fractions. 
Also, we found out the detail molecular structures.  

As the results of the above, these methods were the powerful techniques for blend polymer 
analysis. 
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The polymer synthesized by conventional radical polymerization is difficult to control the 

molecular characteristics such as molecular weight distribution (MWD), chain end functionalities, 

chain architectures or compositions. In this regard, recently developed controlled radical 

polymerization (CRP) technique can do a far better job. For example, polymerization of styrene 

by atom transfer radical polymerization (ATRP), which is one of the CRP, yield PS-Br with a 

relatively narrow MWD, which in turn can be used as a macroinitiator to synthesize a block 

copolymer or be transformed to other end-group using some organic reactions. Despite the 

importance of the end-functionality of PS-Br synthesized by ATRP, its characterization cannot be 

said to be done rigorously.  

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-ToF 

MS) is a powerful tool to characterize the molecular characteristics of polymers. A few research 

groups have tried to analyze the PS-Br by MALDI-ToF MS, but the reactivity of the end group of 

PS-Br resulted complex spectra to make the interpretation difficult. In this work, we analyzed 

MALDI-ToF MS spectra to successfully elucidate the by-products from reaction of the end-group 

during the MALDI process. 

 
• Matrix : Dithranol 

• Salt : AgPFP 

• Solvent : THF 

• Matrix : Dithranol 

• Salt : AgTFA 

• Solvent : d-THF 
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Platinum/gold nano particles were added to mixture of MA(methacrylic acid), 

HEMA(ethylene glycol dimethacrylate) and NVP(N-vinyl pyrrolidone) in a mould at various 
concentration to manufacture high-performance ophthalmic lens materials containing 
platinum/gold nano particles which could protect eye from environmental factors. The 
resulting mixture was copolymerized in the presence of AIBN(azobisisobutyronitrile) 
initiator. Also, the cast mould method was used in order to produce the contact lens in this 
study. The size of platinum found to be 5~10 nm by FE-SEM. we analyzed the physical 
properties of the polymer by using average value of refractive index, contact angle, water 
content, oxygen transmittance and optical transmittance. The addition of platinum nano 
particles to the polymer allowed the lens to have various colors without coloring agents. The 
refractive index of 1.420~1.427, water content of 38~42%, visible transmittance of 89~92%, 
contact angle of 38~42° and oxygen transmissibility of 9~13×10-9 cm/s ml O  22/ml × mmHg 
were obtained. Also, tensile strength of the polymer was 0.13~0.20 kgf. The visible 
transmittance and probe current graph in order to calculate oxygen transmissibility of the 
polymer is shown in Fig. 1~2. Therefore, the ophthalmic lens material produced using 
platinum/gold nano particles satisfied the basic physical properties required for contact lens 
application. 

   
Fig. 1. Optical transmittance of contact lens    Fig. 2. Oxygen transmissibility of contact lens 
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Silver nano particle has been applied to various fields due to antimicrobial property and 

high conductivity. In this study, silver/platinum nano particles were added to mixture of 

styrene, MA(methacrylic acid), HEMA(ethylene glycol dimethacrylate), NVP(N-vinyl 

pyrrolidone) in a mould at various concentration. The resulting mixture was copolymerized 

by heating at 70℃℃ for 40 min, 80℃℃ for 40 min, 100℃℃ for 40min repectively with the cross-

linker EGDMA(ethylene glycol dimethacrylate) in the presence of 

AIBN(azobisisobutyronitrile) initiator. Also, the cast mould method was used in order to 

fabricate the ophthalmic contact lens in this study. The size of silver nano particles found to 

be 2~5 nm by FE-SEM and the concentration of the used silver nano colloid was 25 ppm.  

For analysis of the produced polymer, we measured the refractive index, contact angle, 

water content, oxygen transmittance and optical transmittance of the polymer. The refractive 

index of 1.427~1.435, water content of 32~38%, visible transmittance of 85~89%, tensile 

strength of 0.17~0.25 kgf and oxygen transmissibility of 7~10×10-9 cm/s ml O  22/ml × mmHg 

were obtained. Also, the result of measurement showed that refractive index decreased while 

the water content increased as the silver colloid was added.  

Keywords: silver, platinum, water content, refractive index, tensile strength 
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We have reported stereospecific radical polymerizations of N,N-dimethylacrylamide1 and 

N-vinylacetamide2 utilizing hydrogen bonding interaction. In the course of the study, we found that 

tartrates accelerated radical polymerization of 1-vinylpyrrolidone (VP) in toluene at low temperatures 

by complexing with the monomers through hydrogen bonding. The 1H NMR spectra of the main-chain 

methylene groups in chain of the polymers suggested the formation of isotactic-rich polymers whose 

isotacticity increased with decreasing polymerization temperature. The tacticity at triad levels, 

however, was unable to be determined from the 13C NMR spectra of the main-chain methine carbons 

because of the complicated splitting. 

We also reported that multivariate analysis was useful to obtain qualitative and quantitative 

information about structural features of copolymers from their complicated 13C NMR spectra without 

assigning individual signals.3 In this study, we attempted to assign NMR spectra of PVP with the aid 

of principal component analysis (PCA). 

The 24 samples were prepared by radical 

polymerization with varying the polymerization 

conditions such as solvent, temperature, and 

additive. Figure 1 shows NMR spectra of the 

main-chain methine carbons (–CH–) and the 

main-chain methylene protons (–CH2–) of the 

polymer prepared in toluene at 0 °C in the presence 

of diethyl L-tartrate, as measured in D2O at 60 °C 

or in CDCl3 at 55 °C. The signals of the –CH2– 

showed typical splitting due to dyad tacticity in 

CDCl3 at 55 °C, whereas the signals assignable to r 

dyad overlapped with those assignable to m dyad in 

D2O at 60 °C. On the other hand, the signals of the 

–CH– split into 3 peaks in D2O at 60 °C, whereas 

those roughly split into 2 peaks in CDCl3 at 55 °C. 

Thus, bucket integrations of the spectral regions of the –CH– (48.0 – 44.3 ppm; measured in D2O at 

 
Figure 1. NMR spectra of the –CH– and the 
–CH2– of PVP, as measured in D2O at 60 °C 
or in CDCl3 at 55 °C. 



60 °C) and of the –CH2– (1.87 – 1.27 ppm; measured in CDCl3 at 55 °C) were performed at an 

interval of 0.1 ppm and 0.02 ppm, respectively, with JEOL Alice2 ver.5 for metabolome ver.1.6 

software. PCA was conducted with the data set thus obtained, using Pattern Recognition Systems 

Sirius ver.7.0 software. The variances for the first (PC1) and second principal components (PC2) were 

83.0 % and 7.5 %, respectively, indicating that the two components explained 90.5 % of the spectral 

information. 

Figure 2 shows the relationship between the PCA loadings and the chemical shift along with the 

corresponding NMR spectra of the –CH– and the –CH2–. In the –CH2– region, positive PC1 loadings 

were observed for the signals assignable to m dyad (1.72-1.66 and 1.44-1.36 ppm), whereas negative 

PC1 loadings were observed for the signals assignable to r dyad (1.64-1.54 ppm). In the –CH– region, 

positive PC1 loadings were observed at 46.95-46.45 ppm, whereas negative PC1 loadings were 

observed at 45.95-45.45 ppm, suggesting that the signals at lower and middle magnetic fields were 

assignable to mm and rr triads, respectively.  

The signals of the –CH2– with m configuration 

shifted gradually at higher magnetic field as the 

isotacticity of the polymers increased, suggesting the 

influence of the stereostructure at tetrad levels. In the 

–CH2– region, positive PC2 loadings were observed 

at 1.70-1.54 ppm and at 1.38-1.34 ppm, whereas 

negative PC2 loadings were observed at 1.50-1.42 

ppm, suggesting that positive PC2 loadings 

correlated with mm and rr stereosequences and 

negative PC2 loadings correlated with mr 

stereosequence. In the –CH– region, positive PC2 

loadings were observed at 46.95-46.65 ppm and at 

45.95-45.55 ppm, corresponding to the signals 

assigned as mm and rr triads with PC1 loadings. 

Negative PC2 loadings were observed at 45.35-44.65 

ppm and at 46.45-46.15 ppm, giving the assignments 

as shown in Figure 2. 

 
Figure 2. PCA loadings along with NMR 
spectra of the –CH– and the –CH2– groups 
in chain of PVP. 

In conclusion, we successfully assigned the signals of the –CH– of PVP at triad levels with the 

aid of PCA loadings. This method utilized the correlation between 1H and 13C NMR spectra measured 

in different solvents and at different temperatures. Thus, this method is expected to be a promising 

new way for characterization of synthetic polymers, because such correlation is unobtainable by usual 

two-dimensional NMR techniques. 
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Many functional polymer materials are multi-component copolymers. Detailed analysis of their 

structural factors is necessary for improvement in material performances. NMR spectroscopy is one of 

the most powerful tools for analysis of primary structures of copolymers. However, resonances arising 

from each group in copolymers often exhibit superposed splitting due to comonomer sequences and 

configurational sequences, and thus assignment of the individual peaks is troublesome. Increasing the 

number of monomer components in copolymers makes the resonances broader and more complicated. 

Recently, we successfully determined the chemical compositions of copolymers of methyl 

methacrylate (MMA) and tert-butyl methacrylate (TBMA) by multivariate analysis of 13C NMR 

spectra without assigning the individual resonance peaks.1 In the present paper, we focus on the 

determination of comonomer sequence distributions in the poly(MMA-co-TBMA)s by principal 

component analysis (PCA) and partial least-squares regression (PLSR). 

All homopolymers and copolymers were prepared by polymerization with 

2,2’-azobisisobutyronitrile (AIBN) in ethyl lactate at 80 °C under a nitrogen atmosphere. 1H and 13C 

NMR spectra were measured for 8 wt/vol% solution in CDCl3 at 55 °C using a JEOL ECX400 

spectrometer equipped with a 10 mm 13C-15N{1H} tunable probe. Bucket integration of the spectral 

regions 15.1 – 23.1 ppm (the α-methyl carbons), 44.1 – 48.1 ppm (the backbone quaternary carbons) 

and 175.0 – 179.0 ppm (the carbonyl carbons) was performed at an interval of 0.25 ppm with JEOL 

Alice2 ver.5 for metabolome ver.1.6 software. PCA and PLSR were conducted using Pattern 

Recognition Systems Sirius ver.7.0 software. 

Figure 1 shows PCA score plots for the data sets of 

PMMA, PTBMA, nine samples of their blends and 16 

samples of poly(MMA-co-TBMA)s with various 

chemical compositions. Linear relationship between the 

first principal component (PC1) score and the chemical 

composition in mol% of TBMA units for all samples was 

obtained with a correlation coefficient (R2) of 0.998, 

indicating that the PC1 scores reflected the chemical 

compositions in polymer samples. The plots for the 

copolymers (■,□) showed an inverted parabolic 

relationship. The minimum in the second principal 

component (PC2) scores was observed for the copolymer 

Figure 1.  PCA score plots for 13C NMR signals 
of the carbonyl, backbone quaternary and α-methyl 
carbons of PMMA (◆), PTBMA (◆), their blends 
(◇) and poly(MMA-co-TBMA)s obtained at early 
(□) and late (■) stages of copolymerization. 



with a chemical composition approximately 50 mol%. These results suggest that the PC2 score should 

reflect randomness of comonomer sequences. As an index of the randomness, the fraction of hetero 

(MMA-TBMA) dyad sequence, fMT, was employed (Equation (1)2,3) where fMMA and fTBMA denote 

mole fractions of MMA and TBMA in a given copolymer, respectively. 
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⋅⋅−⋅++

⋅⋅
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The monomer reactivity ratios, rMMA and rTBMA, were determined to be 0.81 ± 0.06 and 1.26 ± 0.03, 

respectively, by the Kelen-Tüdõs method for the nine copolymers obtained at early stages of 

copolymerization. Linear relationship between the PC2 score and fMT has been obtained with an R2 of 

0.996. 

Because the NMR spectra also include the information about the fractions of the two homo dyads, 

fMM (MMA-MMA) and fTT (TBMA- 

TBMA), the dyad sequence distribution 

for a given copolymer can be predicted 

by PLSR using the calculated 

distributions of the copolymers obtained 

at early stages of copolymerization as a 

training set. Figure 2 shows the 

relationship between the calculated and 

predicted fractions of the three dyad 

sequences of the training set. They 

showed an excellent linear relationship 

in each series with low relative standard 

deviations (RSD), indicating that the 

dyad sequence distribution was predicted 

with highly accuracy and precision. Figure 3 shows the 

predicted distribution of seven copolymers obtained at higher 

yields, which deviated slightly from the simulation for the 

copolymers obtained at early stages of copolymerization.  

Figure 2.  Training set models of 
PLSR for predicting fractions of a) 
MMA homo, b) MMA-TBMA 
hetero and c) TBMA homo dyad 
sequences from 13C NMR signals 
of the carbonyl, backbone 
quaternary and α-methyl carbons of 
PMMA (◆), PTBMA (◆), their 
blends ( ◇ ) and poly(MMA-co- 
TBMA)s obtained at early stages of 
copolymerization (□). 
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Figure 3.  Dyad sequence distributions of 
poly(MMA-co-TBMA)s obtained at higher 
yields. Each broken line indicates the dyad 
sequence calculated from the monomer 
reactivity ratios and the chemical 
composition of copolymers.  
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NMR spectroscopy is widely used for molecular characterization of polymers. However, it is 

generally difficult to obtain quantitative information about comonomer sequence distribution and 

stereoregularity of multi-component copolymers directly from their NMR spectra. This is because 

the NMR resonances arising from each group in copolymers often exhibit complicated splitting 

due to comonomer sequences and configurational sequences and the assignment of the individual 

peaks is troublesome (Figure 1). Recently, we reported that the methods of multivariate analysis 

were successfully applied to determine the chemical composition1) and comonomer sequence 

distribution of the copolymers of methyl methacrylate (MMA) and tert-butyl methacrylate 

(TBMA) from their 13C NMR spectra without making assignment of the individual resonance 

peaks. In the present paper, we have extended this 

approach to the characterization of terpolymers 

made up of MMA, TBMA, and 2-hydroxyethyl 

methacrylate (HEMA). 

All homopolymers, copolymers, and 

terpolymers used in this study were prepared by 

polymerization with 2,2’-azobisisobutyronitrile in 

ethyl lactate at 80 °C under a nitrogen atmosphere. 
1H and 13C NMR spectra were measured for 8 % 

(w/v) solution in CDCl3 (homopolymers, 

copolymers, and homopolymer blends) or in a 4/6 

mixture of CDCl3 and (CD3)2SO (terpolymers) at 

55 °C using a JEOL ECX400 spectrometer equipped 

with a 10 mm 13C-15N{1H} tunable probe. An Alice2 

ver.5 for metabolome ver.1.6 software (JEOL) and a 

Figure 1. 13C NMR spectra due to the 

carbonyl groups of PMMA (a), 

poly(MMA-co-TBMA) (b), and 

poly(MMA-co-TBMA-co-HEMA) (c) 

in CDCl3 at 55°C (100 MHz). 



60 °C) and of the –CH2– (1.87 – 1.27 ppm; measured in CDCl3 at 55 °C) were performed at an 

interval of 0.1 ppm and 0.02 ppm, respectively, with JEOL Alice2 ver.5 for metabolome ver.1.6 

software. PCA was conducted with the data set thus obtained, using Pattern Recognition Systems 

Sirius ver.7.0 software. The variances for the first (PC1) and second principal components (PC2) were 

83.0 % and 7.5 %, respectively, indicating that the two components explained 90.5 % of the spectral 

information. 

Figure 2 shows the relationship between the PCA loadings and the chemical shift along with the 

corresponding NMR spectra of the –CH– and the –CH2–. In the –CH2– region, positive PC1 loadings 

were observed for the signals assignable to m dyad (1.72-1.66 and 1.44-1.36 ppm), whereas negative 

PC1 loadings were observed for the signals assignable to r dyad (1.64-1.54 ppm). In the –CH– region, 

positive PC1 loadings were observed at 46.95-46.45 ppm, whereas negative PC1 loadings were 

observed at 45.95-45.45 ppm, suggesting that the signals at lower and middle magnetic fields were 

assignable to mm and rr triads, respectively.  

The signals of the –CH2– with m configuration 

shifted gradually at higher magnetic field as the 

isotacticity of the polymers increased, suggesting the 

influence of the stereostructure at tetrad levels. In the 

–CH2– region, positive PC2 loadings were observed 

at 1.70-1.54 ppm and at 1.38-1.34 ppm, whereas 

negative PC2 loadings were observed at 1.50-1.42 

ppm, suggesting that positive PC2 loadings 

correlated with mm and rr stereosequences and 

negative PC2 loadings correlated with mr 

stereosequence. In the –CH– region, positive PC2 

loadings were observed at 46.95-46.65 ppm and at 

45.95-45.55 ppm, corresponding to the signals 

assigned as mm and rr triads with PC1 loadings. 

Negative PC2 loadings were observed at 45.35-44.65 

ppm and at 46.45-46.15 ppm, giving the assignments 

as shown in Figure 2. 

 
Figure 2. PCA loadings along with NMR 
spectra of the –CH– and the –CH2– groups 
in chain of PVP. 

In conclusion, we successfully assigned the signals of the –CH– of PVP at triad levels with the 

aid of PCA loadings. This method utilized the correlation between 1H and 13C NMR spectra measured 

in different solvents and at different temperatures. Thus, this method is expected to be a promising 

new way for characterization of synthetic polymers, because such correlation is unobtainable by usual 

two-dimensional NMR techniques. 

 



with a chemical composition approximately 50 mol%. These results suggest that the PC2 score should 

reflect randomness of comonomer sequences. As an index of the randomness, the fraction of hetero 

(MMA-TBMA) dyad sequence, fMT, was employed (Equation (1)2,3) where fMMA and fTBMA denote 

mole fractions of MMA and TBMA in a given copolymer, respectively. 

TBMAMMATBMAMMA

TBMAMMA
MT )1( 41 1

4

ffrr
ff

f
⋅⋅−⋅++

⋅⋅
=   (1) 

The monomer reactivity ratios, rMMA and rTBMA, were determined to be 0.81 ± 0.06 and 1.26 ± 0.03, 

respectively, by the Kelen-Tüdõs method for the nine copolymers obtained at early stages of 

copolymerization. Linear relationship between the PC2 score and fMT has been obtained with an R2 of 

0.996. 

Because the NMR spectra also include the information about the fractions of the two homo dyads, 

fMM (MMA-MMA) and fTT (TBMA- 

TBMA), the dyad sequence distribution 

for a given copolymer can be predicted 

by PLSR using the calculated 

distributions of the copolymers obtained 

at early stages of copolymerization as a 

training set. Figure 2 shows the 

relationship between the calculated and 

predicted fractions of the three dyad 

sequences of the training set. They 

showed an excellent linear relationship 

in each series with low relative standard 

deviations (RSD), indicating that the 

dyad sequence distribution was predicted 

with highly accuracy and precision. Figure 3 shows the 

predicted distribution of seven copolymers obtained at higher 

yields, which deviated slightly from the simulation for the 

copolymers obtained at early stages of copolymerization.  

Figure 2.  Training set models of 
PLSR for predicting fractions of a) 
MMA homo, b) MMA-TBMA 
hetero and c) TBMA homo dyad 
sequences from 13C NMR signals 
of the carbonyl, backbone 
quaternary and α-methyl carbons of 
PMMA (◆), PTBMA (◆), their 
blends ( ◇ ) and poly(MMA-co- 
TBMA)s obtained at early stages of 
copolymerization (□). 

 

 
1. Momose, H.; Hattori, K.; Hirano, T.; Ute, K., Multivariate analysis of 13C 
NMR spectra of methacrylate copolymers and homopolymer blends, 

Polymer, 2009, 50, 3819. 2. Ito, K; Yamashita, Y., Copolymer composition 
and microstructure, J. Polym. Sci. Part A: General Papers, 1965, 3, 2165. 3. 

Tosi, C., Graphical representation of composition and sequence 
distribution in copolymers, Makromol. Chem., 1967, 108, 307. 

Figure 3.  Dyad sequence distributions of 
poly(MMA-co-TBMA)s obtained at higher 
yields. Each broken line indicates the dyad 
sequence calculated from the monomer 
reactivity ratios and the chemical 
composition of copolymers.  
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NMR spectroscopy is widely used for molecular characterization of polymers. However, it is 

generally difficult to obtain quantitative information about comonomer sequence distribution and 

stereoregularity of multi-component copolymers directly from their NMR spectra. This is because 

the NMR resonances arising from each group in copolymers often exhibit complicated splitting 

due to comonomer sequences and configurational sequences and the assignment of the individual 

peaks is troublesome (Figure 1). Recently, we reported that the methods of multivariate analysis 

were successfully applied to determine the chemical composition1) and comonomer sequence 

distribution of the copolymers of methyl methacrylate (MMA) and tert-butyl methacrylate 

(TBMA) from their 13C NMR spectra without making assignment of the individual resonance 

peaks. In the present paper, we have extended this 

approach to the characterization of terpolymers 

made up of MMA, TBMA, and 2-hydroxyethyl 

methacrylate (HEMA). 

All homopolymers, copolymers, and 

terpolymers used in this study were prepared by 

polymerization with 2,2’-azobisisobutyronitrile in 

ethyl lactate at 80 °C under a nitrogen atmosphere. 
1H and 13C NMR spectra were measured for 8 % 

(w/v) solution in CDCl3 (homopolymers, 

copolymers, and homopolymer blends) or in a 4/6 

mixture of CDCl3 and (CD3)2SO (terpolymers) at 

55 °C using a JEOL ECX400 spectrometer equipped 

with a 10 mm 13C-15N{1H} tunable probe. An Alice2 

ver.5 for metabolome ver.1.6 software (JEOL) and a 

Figure 1. 13C NMR spectra due to the 

carbonyl groups of PMMA (a), 

poly(MMA-co-TBMA) (b), and 

poly(MMA-co-TBMA-co-HEMA) (c) 

in CDCl3 at 55°C (100 MHz). 



Sirius ver.7.0 software (Pattern Recognition Systems) were used for the principal component 

analysis (PCA) and partial least-squares regression (PLSR) of the data sets. 

Bucket integration of the spectral regions 15.0–20.0 ppm (the α-methyl carbons), 42.0–48.0 

ppm (the backbone quaternary carbons) and 173.0–179.0 ppm (the carbonyl carbons) was 

performed at an interval of 0.10 ppm. Figure 2 shows the PCA score plots for the data set of the 

integral values of totally 78 samples (3 homopolymers, 33 blends of the homopolymers, 12 

poly(MMA-co-TBMA)s, 14 poly(MMA-co-HEMA)s, 16 terpolymers). The variances for the first 

(PC1), second (PC2) and third principal components (PC3) were 51.0, 29.8, and 15.1%, 

respectively, and their total amounted to 95.9%, indicating that the spectral information of the 

data set was explained well with these three parameters. The PC1 and PC2 showed relationship to 

the chemical composition whereas the PC3 showed relationship to the randomness of comonomer 

sequence. PLSR using the spectra of the homopolymer blends as a training set has allowed us to 

propose a calibration model which predicts the fractions of MMA, TBMA and HEMA units for a 

given terpolymer with relative standard deviations of 8.1, 5.6 and 10.7 mol%, respectively. 
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Figure 2. Principal component score plots for the 13C NMR spectra of 78 samples. 

PMMA (◆), PTBMA (▲), PHEMA (■), homopolymer blends (◇), poly(MMA-co-TBMA)s (△), 

poly(MMA-co-HEMA)s (□), poly(MMA-co-TBMA-co-HEMA)s (●). 
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Although percutaneous transluminal coronary angioplasty (PTCA) has been 

used to patients with cardiovascular and coronary artery disease over 20 years and it 

improves the quality of the life, this technique causes patients’ suffer and fear from 

reoccurrence of stenosis, restenosis, after implantation of stents. To prevent restenosis, 

drug-eluting stents are developed. Paclitaxel and doxorubicin loaded stents shows 

decreased restenosis, but it damaged vascular endothelial cells as well as vascular 

smooth muscle cells. Therefore, it is important to develop the method which reduces the 

proliferation of the smooth muscles cells and platelet adhesion and induces the 

proliferation of the endothelial cells. Nitric oxide (NO) is a highly reactive free radical 

molecule known for mammalian biological signaling pathway. This NO has been shown 

to reduce platelet adhesion and proliferation of smooth muscle cells, but in general 

method, fast NO release of NO donor is a disadvantage for further application.  

NONOates is 1-substituted diazen-1-ium-1,2 diolates (diazeniumdiolates), one type of 

nitric oxide donor, which give nitric oxide in vivo conditions and the release pattern and 

total amount of nitric oxide can be controlled by its backbone. In the experiment, we 

select Pluronic® F127, triblock copolymer which has the thermosensitive charateristics 

to control the release of NO by gelation and bPEI (branched polyethyleneimine) which 

has secondary amine for conjugation of NONOates. We tested three types of bPEI-

NONOates and then made the F127-bPEI. After the test of F127-bPEI, we could make 

the F127-bPEI-NONOates.  

That is, in this experiment, we could make thermo-sensitive nitric oxide-

releasing donor and test the possibility as a new stent material.  
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Alginic acid and metal alginates were prepared from fresh algae, edible 

seaweed(Undaria pinnatifida) which is a kind of brown seaweeds using tailored extraction 

method. We confirmed that metal alginates were made from an alginic acid comparing FT-IR 

spectra in the preliminary work. Asymmetric stretching of free carboxyl group of metal 

alginate was moved in calcium and cobalt alginates : regarding cobalt alginate, wavenumber 

at 1630 cm-1 was shifted to 1585 cm-1. We think that the change of charge density around the 

carbonyl group was created. In this work, we used lanthanide alginate to search for next 

promising application research. Surface morphology with scanning electron microscopy 

(SEM), the decomposition of metal alginate and formation of respective carbonate at high 

temperature in TGA and DSC study and quantitative analysis result of metal treated in 

lanthanide alginate using ICP-OES will be presented. 
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Emergence of gene therapy provides a highly versatile and potent armor in 

combating various human diseases (1). Irrespective of the vector types, efficient gene 

transfection demands appreciable concentration of efficient cell-binding delivery vectors at 

the target site at the onset of gene delivery. Therefore it is necessary to develop simple, fast 

and efficient methods or strategies which can expedite the accumulation of the therapeutic 

cargo on the surface of the target cells and can be remotely controlled by physical means, 

particularly in in vivo systemic administrations. Among various physical methods, magnet-

assisted transfection (2, 3) utilizing magnetic nanoparticles has gained considerable attention 

due to the promising efficiency, non-toxicity of these magnetic particles and simple 

experimental needs. 

The work demonstrated the development of thermally cross-linked 

superparamagnetic nanomaterial which possessed polyethylene glycol moiety and covalently 

linked branched polyethylenimine (BPEI), and exhibited highly efficient magnetofection 

even under serum conditioned media. The study showed its high anti-biofouling, cell viability 

and serum stability and thus revealed a potential magnetic nanoparticle-mediated targeted 

gene delivery system. The sequential steps for the enhanced magnetofection had been studied 

by monitoring cellular uptake with the aid of confocal microscopy. 

Inflammation and endothelial dysfunction are major threshold developments in the 

progression of atherosclerosis (4). The early stage of the disease involves the activation of the 

endothelium triggered by variety of stimuli including oxidized lipids and cytokines such as 

tumor necrosis factor (TNF-a). TNF-a is one of the major inflammatory cytokines that 



mediates a wide range of biological responses including inflammation, infection, injury, and 

apoptosis (5). Activated endothelium then expresses specific adhesion receptors and 

cytokines that enhance the recruitment of eukocyte as well as factors which accelerate clot 

formation, into the vessel wall (6). Thus, the mitigation of the initial activation of 

endothelium triggered by TNF-a could be of great importance in preventing the severe 

progression of atherosclerosis. Therefore genetic modification of endothelial cells by 

transferring therapeutic gene in order to resist injury-mediated activation, has gained an 

increasing attention as an alternative to drug therapy. 

The BPEI-SPION superparamagnetic particle mediated rapid and efficient 

transfection in primary vascular endothelial cells (HUVEC) successfully inhibits expression 

of PAI-1 which is responsible for various vascular dysfunctions such as vascular 

inflammation and atherosclerosis and thereby provides a potential strategy to transfect highly 

sensitive HUVEC.  

This rapid targeted magnetofection should open up plethora of opportunities to 

combat several vascular diseases like atherosclerosis and other diseases which requires fast 

and target-specific delivery of concerned genes. In addition to these advantages this magnetic 

nanoparticles could be endowed with stimuli-responsiveness as well as other functional 

attributes to address various impediments associated with other target-specific gene delivery 

and to meet various therapeutic needs. 
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The rational design of integrated, multi-functional polymeric carriers is prerequisite for the 

successful nonviral cancer gene therapy [1]. We developed identical functionalization conditions 

which would allow simultaneous installation of various types of functionalities in one-pot reaction 

under mild conditions through pre-thiolation strategy incorporating thiol-containing components. The 

combining effect of targeting and intracellular reducible functions concerning gene transfection in 

various cancer cells was investigated in this work with the view point of physicochemical properties 

and cellular uptake mechanism. 

We confirmed that the synthesis of cNGR conjugated reducible BPEI polymers (BPEI-SS-cNGR) 

by conjugating cNGR-PEG5K to BPEI1.2K-SH at a molar ratio of 1:6.62. To test the ability of 

cNGR-functionalized bio-reducible polymers for targeting and delivering pDNA to tumors, B16F1 

cells which showed high level of expression of CD13, and MDA-MB-231 cells as a CD13 negative 

control were chosen as the model of tumor cells. As the result of preincubtion with excess amount of 

free cNGR peptide, competitive inhibition of CD13 receptor by free cNGR significantly inhibited the 

gene expression of BPEI-SS-cNGR/pDNA polyplex in CD13 positive  B16F1 cell (Figure 1, a), but 

did not show inhibitory effect in CD13 negative MDA-MB-231 cells. The presence of free cNGR in 

the medium resulted in a near 8 fold decrease of gene expression efficiency on B16F1 cells which 

demonstrated that free cNGR and the cNGR motif on the surface of BPEI-SS-cNGR /pDNA 

competed with the same CD13 receptor. 

 

(a)                               (b) 

    
 

Figure 1. (a) Targeting efficiency of cNGR conjugated polymer to CD13-positive cells was evaluated by 

competitive inhibition assay using free cNGR (fcNGR). ** p <0.01 compared with each group. (b) Intracellular 

trafficking of BPEI-SS-cNGR (green)/pDNA (red) complex by CLSM after pretreatment of HT1080 cells with 

GSH MEE. The nuclei were stained with DAPI (blue).  



 

The disulfide cross-linked polymer was designed to exploit the reducibility providing a clear 

opportunity to design vectors that are stable in the plasma but dissociate within the cytoplasm. To 

address this aspect, in our initial experiments, we confirmed the destabilization of the BPEI-SS-

cNGR/pDNA complex in the presence of disulfide reducing agents, DTT (5 mM or 5 μM), indicating 

the degradability of the polymer via redox reactions. Hydrodynamic size of BPEI-SS-cNGR/pDNA 

complex in the PBS solution containing 5 mM DTT was increased steadily from 100 nm to 520 nm as 

incubation time goes by and this size was approximately similar with that of LMW BPEI1.2K/pDNA 

complex. Additionally, observing the intracellular trafficking by CLSM after pretreatment of HT1080 

cells with GSH MEE to increase intracellular GSH pool revealed that the BPEI-SS-cNGR/pDNA 

complex could facilitate efficient intracellular dissociation compared with untreated cell. For CLSM 

images, pDNA was labeled with TOTO (red) and BPEI-SS-cNGR polymer was labeled with FITC 

(green). After 1 hr incubation for GSH MEE treated HT1080 cell, pDNA (red color) dispersed 

homogeneously through the cytoplasm region indicating pDNA dissociated from BPEI-SS-cNGR, 

while aggregated BPEI-SS-cNGR polymer (green) dots were observed in cytoplasm and even in 

nucleus (white arrows) and the red color did not bright (Figure 1, b). It implies that increase of 

intracellular GSH concentration enhances the dissociation of pDNA from BPEI-SS-cNGR polymer 

resulted in higher transfection efficiency. 

 Therefore, the influence of the disulfide reduction on the gene expression was further confirmed 

with BSO as an inhibitor of gamma-glutamylcysteine synthetase (gamma-GCS) lowering intracellular 

GSH concentration. Because of the effect of BSO on the inhibition of GSH production, the luciferase 

expression level was decreased by ~2.9 times in a BSO dose dependent manner. From these 

comprehensive evaluations, we conclude that the BPEI-SS-cNGR polymer may at least partially 

undergo an gamma-GCS dependent, and therefore GSH-dependent, reduction inside the cell. 

 
 
References 
 
[1] Hubbell, J. A., Non-viral gene delivery: Multifunctional polyplexes as locally triggerable n

onviral vectors, Gene Ther. 2006, 13, 1371–1372. 
[2] Wood, K. C., Azarin, S. M., Arap, W., Pasqualini R., Langer R. and Hammond P. T., Tu

mor-Targeted GeneDelivery Using Molecularly Engineered Hybrid Polymers Functionalized
 with a Tumor-Homing Peptide, Bioconjugate Chem. 2008, 19, 403–405 

[3] Peng, Q. Zhong, Z. and Zhuo, R. Disulfide Cross-Linked Polyethylenimines (PEI) Prepared via 
Thiolation of Low Molecular Weight PEI as Highly Efficient Gene Vectors. Bioconjugate Chem. 
2008, 19, 499-506. 



P38 

Programmable Permanent Data Storage Devices based on Nanoscale 

Thin Films of a Thermally Stable Aromatic Polyimide 
 

Dongmin Kim, Samdae Park, Kyungtae Kim, Yong-gi Ko, Jin chul Kim, Wonsang Kwon, Junman 
Choi, Moonhor Ree * 

 
Department of Chemistry, National Research Laboratory for Polymer Synthesis and Physics, Pohang 

Accelerator Laboratory, Center for Electro-Photo Behaviors in Advanced Molecular Systems, BK 
School of Molecular Science, Division of Advanced Materials Science, and Polymer Research 

Institute, Pohang University of Science & Technology, Pohang 790-784, Republic of Korea 
*E-mail: ree@postech.edu 

 
In this study, we newly synthesized a thermally and dimensionally stable polyimide, 

poly(4,4’-amino(4-hydroxyphenyl)diphenylene hexafluoroisopropylidenediphthalimide) (6F-

HTPA PI), which is an analogue of 6F-TPA PI. The glass transition and thermal stability of 

the 6F-HTPA PI product were measured in nitrogen atmosphere. The polymer product was 

found to have Td = 400 °C and Tg = 150 °C. Thus this PI is thermally stable and has a high Tg, 

as observed for conventional PIs used widely in the electronic industry because of their 

advantageous properties, such as high thermal stability, excellent dimensional stability, 

excellent mechanical properties, good adhesion, and excellent optical transparency. Moreover, 

the PI synthesized in our study was found to exhibit excellent film formation capability, 

providing high quality nanoscale thin films with smooth surface via a simple and 

conventional spin-coating process. The 6F-HTPA PI is highly soluble in organic solvents 

such as dimethylacetamide, N-methyl-2-pyrrolidone and cyclopentanone, and thus easily 

processed as nanoscale thin films through conventional solution spin-, roll- or dip-coating 

and subsequent drying. Interestingly the 6F-HTPA PI was found to exhibit excellent write-

once-read-many-times memory (WORM) behavior with a high ON/OFF ratio (up to 106) and 

a long retention time, which is quite different from the volatile DRAM behavior observed for 

the 6F-TPA PI. Moreover, the WORM behavior was found to be unipolar in positive voltage 

sweep as well as in negative voltage sweep. Such the WORM characteristics were nicely 

demonstrated even at high temperatures up to 150 °C. In addition, the switching mechanism 

of the WORM memory devices was investigated. 
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Synthesis and electrical switching characteristics of a new high-performance 

polyimide(PI), poly(3,3′-di(4-(diphenylamino)benzylidenyliminoethoxy)-4,4′- biphenylenehe

xafluoroisopropylidenediphthalimide) (6F-HAB-TPAIE PI) is reported. This PI bears 

triphenylamine-related moieties as side groups and is dimensionally stable up to 280 °C and 

thermally stable up to 440 °C. In devices fabricated with the PI as an active memory layer, 

the active PI was found to operate at less than ±2 V in electrically bistable unipolar and 

bipolar switching modes by controlling the compliance current. The PI layer exhibits 

repeatable writing-reading-erasing capability with high reliability in ambient air conditions as 

well as at high temperatures up to 130 °C. This PI also exhibits a high ON/OFF current ratio 

up to 109. The observed nonvolatile memory behaviors are described by Schottky emission 

and local filament formation. This study has demonstrated that this thermally, dimensionally 

stable PI polymer is a promising material for mass production at low cost for high-

performance, programmable, nonvolatile memory devices that can be operated with low 

power consumption in unipolar and bipolar switching modes. 
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The electrically programmable memory devices based on nanoscale thin film of a 

thermally and dimensionally stable 6F-2TPA PI films were fabricated and investigated their 

switching characteristics and reliability. The 6F-2TPA PI films exhibit versatile memory 

characteristics that depend on the film thickness. All the PI films are initially present in the 

OFF state. The PI films with thicknesses in the range 34-74nm exhibit excellent WORM (i.e. 

fuse-type) memory characteristics with and without polarity depending on the thickness. The 

WORM memory devices are electrically stable, even in air ambient, for a very long time. The 

devices’ ON/OFF current ratio is high, up to 1010. Therefore, these WORM memory devices 

can provide an efficient, low-cost means of permanent data storage. On the other hand, the 

100nm thick PI films exhibit excellent DRAM memory characteristics with polarity. The 

ON/OFF current ratio of the DRAM devices is as high as 1011. These extreme thickness-

dependent I –V results can be understood by considering the HOMO and LUMO levels and 

thicknesses of the 6F-2TPA PI film, the work functions of the top and bottom electrodes. 

These properties open up the possibility of the low-cost mass production of high 

density and very stable digital nonvolatile WORM and volatile DRAM memory devices.  
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This paper reports for the first time the programmable digital memory characteristics 

of the nanoscale thin films of a fully π-conjugated polymer, poly(diethyl 

dipropargylmalonate) (PDEDPM) in the absence of doping. This π-conjugated polymer was 

found to exhibit good solubility in organic solvents and to be easily processed to form 

nanoscale thin films through the use of conventional solution spin-, roll-, or dip-coating and 

subsequent drying. Films of the π-conjugated polymer with top and bottom metal electrodes 

exhibit excellent dynamic random access memory (DRAM) characteristics or write-once-

read-many-times (WORM) memory behavior without polarity, depending on the film 

thickness. All the PI films are initially present in the OFF-state. Films with a thickness of 30 

nm were found to exhibit very stable WORM memory characteristics without polarity and an 

ON/OFF current ratio of 106, whereas films with a thickness of 62−120 nm were found to 

exhibit excellent DRAM characteristics without polarity and an ON/OFF current ratio as high 

as 108. These memory characteristics are governed by trap-limited space-charge limited 

conduction and heterogeneously local filament formation. In these polymer films, both the 

ester units and the conjugated double bonds of the polymer backbone can act as charge 

trapping sites. The excellent bistable switching properties and processibility of this π-

conjugated polymer mean that it is a promising material for the low-cost mass production of 

high density and very stable digital nonvolatile WORM memory and volatile DRAM devices. 
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A new π-conjugated polymer, poly(2,5-dioctyloxyphenylene vinylene-alt-3,3-dioctylquater 

thiophene) (PPVQT-C8), consisting of alternating p-divinylene phenylene and 3,3-dialkylquater 

thiophene units, was synthesized for use in organic solar cell devices. The crystallinity of 

poly(quaterthiophenes) (PQTs) was reduced by introducing p-divinylene phenylene units between 

pairs of quaterthiophene units. A well-mixed nanoscale morphology of PPVQT-C8:PCBM 

photoactive layer resulted from this modification, which increased the power conversion efficiency 

relative to devices based on highly crystalline PQTs. Bulk heterojunction solar cells based on PPVQT-

C8:PC60BM blends with a 1:3 ratio presented the best photovoltaic performances, with a short-circuit 

current density (Jsc) of 6.7 mA/cm2, an open-circuit voltage (Voc) of 0.67 V, a fill factor (FF) of 0.62 

and a power conversion efficiency (PCE) of 2.8% under illumination of AM 1.5 with light intensity of 

100 mW/cm2. The charge carrier mobility and morphology studies indicated that an optimized 

interpenetration network composed of PPVQT-C8: PCBM could be achieved in a blend ratio of 1:3. 
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Measuring the field-effect mobility anisotropy of the conjugated molecules with 

cofacial molecular stacks basically gives insight into the correlation between the charge 

transport and the stacking properties. Here, the anisotropic ratio of the field-effect mobility in 

6,13-bis(triisopropylsilylethynyl) pentacene (TIPS PEN) single crystal with cofacial 

molecular stacks in a-b basal plane was measured. Further, this anisotropic ratio was 

explained by the HOMOs level coupling and the various hopping routes. By classifying the 

various kinds of stacking types, it was recognized that the sequence of hopping routes is the 

origin of charge transport anisotropy. The calculation of the HOMOs level coupling is 

coincident with the measured anisotropic ratio of the field-effect mobility. 
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Here, we report the preparation of well-controlled nanoscale morphologies in 

photoactive thin films. The fabrication of bulk heterojunction structures in blend films of 

poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) 

employed two steps to achieve first the in-situ formation of self-organized P3HT nanowires 

using a marginal solvent, and second, phase separation via mild thermal annealing. 

Morphological changes in the active layers that had been spin-cast from a marginal solvent, 

with varying annealing temperatures, were systematically studied and compared to the 

morphologies of films spin-cast from a good solvent. The interpenetrating nanowire structure 

yielded power conversion efficiencies as high as 4.07 % due to the enhanced charge transport. 

Hole and electron mobilities increased substantially to 1.6 × 10-3 cm2 V-1 s-1 and 1.4 × 10-3 

cm2 V-1 s-1, respectively, due to the two step process of P3HT crystallization by nanowire 

formation and subsequent phase separation. Photovoltaic performances improved with 

increasing film thickness up to 300 nm as a result of the interpenetrating donor/acceptor 

network structure. 
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We report on the structural development and phase separation behavior of spin-cast 

difluorinated triethylsilylethynylanthradithiophene (F-TESADT) and poly(methyl 

methacrylate) (PMMA) blends and their application in field-effect transistors (FETs). 

Although F-TESADT is highly crystalline small-molecular semiconductor with excellent 

field-effect electronic properties, its use in FETs is limited by the dewetting of film especially 

when solvent with high boiling point is used for solution processing. For this reason, 

PMMA–insulating polymer with good film-forming characteristics–is blended with F-

TESADT for enhancing processing window. Because F-TESADT–the phase with lower 

surface energy than PMMA–is preferentially segregated at the air-film surface during spin-

casting, conducting channel is maintained in a direction parallel to the substrate. 

Morphological and structural characterizations confirm that highly crystalline F-TESADT 

crystals are formed on PMMA. The use of these phase-separated blend films as active layer 

leads to high mobility FETs with good environmental and electrical stability. 
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